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ABSTRACT 
Within the last century, climbing has evolved from an extreme sport to a competitive sport 
and even to a therapeutic discipline within such fields as orthopaedics, neurology, 
psychotherapy and geriatrics. Especially the long-lasting trend of indoor climbing facilities in 
urban areas promotes this rather young therapeutic discipline. Physicians, physiotherapists 
and sports scientists, who themselves are passionate climbers realized the positive effects of 
climbing and the possible usage as a highly controllable treatment for different kinds of 
indications. For example, climbing can improve the sensibility and motor sensory control of 
patients with multiple sclerosis, can help people overcome anxiety and addictions and has 
been proven to have positive effects on adolescents with attentional deficits. In the treatment 
of orthopaedic indications, such as lower back pain or shoulder instability, the strengthening 
of core and trunk muscles is crucial for a positive therapy outcome. The high demands of 
climbing in this matter in order to create a stable equilibrium provide the perfect basis for the 
use as a therapeutic treatment. While the patient has to keep up a certain overall tension 
throughout the exercises, it is still possible to set the focus on specific structures by adding 
rather simple movement tasks, releasing single anchor points or by just increasing the 
difficulty for example through altering wall inclinations. 
Although these promising effects of therapeutic climbing have extensively been reported 
within relevant literature by presenting case studies of successful treatments, the scientific 
approach in order to investigate the fundamental effects on the musculoskeletal system still 
leaves a lot of questions unanswered. Most studies so far have either presented the therapeutic 
outcome of rather unspecified climbing tasks or have investigated the effects of static 
exercises. 
In this study a simple, pull-up like therapeutic climbing exercise has been investigated 
regarding the influence of pulling velocity and handhold rotation on the force applied at the 
climbing holds and the muscle activation of relevant trunk muscles. It was hypothesized that 
different muscles react differently to the changing of those factors and that the activation 
increases with increasing force, which can in turn be influenced by a higher pulling velocity. 
For that 15 healthy subjects (7 male, 8 female; age: 28.13 ± 4.78 yrs.; weight: 72 ± 18.58 kg; 
height: 172.73 ± 12.45 cm) took part in this study and performed the specified exercise 
multiple times at three different pulling velocities (slow, medium, fast) and at six different 
handhold rotations (0°, 45°, 90°, 135°, 180°, -90°). Ten subjects had previous experience in 
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climbing, but none of them was a professional climber. Three-dimensional forces were 
measured at both  handholds using two ME K3D120 force sensors (ME-Meßsysteme GmbH, 
Hennigsdorf, GER), whereas muscle activation of eight muscles was recorded bilaterally with 
a myon 320 16-channel wireless wireless surface electromyography system (myon AG, 
Schwarzenberg, CH). The muscles investigated were the m. trapezius descendes (TD), m. 
trapezius transversus (TT), m. trapezius ascendens (TA), m. latissimus dorsi (LD), m. erector 
spinae (ES), m. multifidus pars lumbalis (MF), m. rectus abdominus (RA) and m. obliquus 
externus abdominis (OE). The exercise that had to be performed was a symmetric pulling 
exercise with the hand and feet both placed shoulder-wide apart on a self-built therapeutic 
climbing wall. In the initial position the elbows were fully stretched and then flexed in the 
different velocities to reach the final position. During the exercise the subjects had to keep a 
stable core position. Maximum resulting force normalized to the initial position at 0° 
handhold rotation and maximum muscle activation in percent of the intra-subjective 
maximum at 0° rotation and medium pulling speed were evaluated. Statistical significance 
was tested with a Wilcoxon signed rank test and Spearman’s correlations were calculated 
between maximum resulting force and muscle activation. 
Results suggest that a higher pulling velocity leads to a significantly higher resulting force at 
the climbing holds. Furthermore, the maximum muscle activity of the upper back muscles 
(TD, TT) and the core muscles (ES, MF, RA, OE) is significantly higher during fast pulling 
compared to slow and medium pulling. The difference between slow and medium pulling 
velocity does only appear to be significant for single comparisons. Regarding the influence of 
handhold rotation, low, but significant differences were found for the maximum resulting 
force. Maximum activation of the TD and TT was significantly highest at -90° handhold 
rotation and lowest at this rotation for the LD. Handhold rotation did not seem to have a high 
effect on the maximum activation of the TA, ES, MF, RA and OE. Correlations between the 
maximum activation of muscles and the maximum resulting force could only sufficiently be 
found at 0° handhold rotation. 
These results can assist therapists to plan their exercises more precisely, depending on which 
structure the focus should lie on. For example if tension of the neck muscles is a problem, 
high activation especially of the TD should be avoided and the pulling should therefore not be 
performed at -90° handhold rotation and with fast velocity. However, if the abdominal 
muscles need to be strengthened, fast pulling under 0° handhold rotation leads to the most 
promising output regarding the activation.  
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CHAPTER 1 
Introduction 
 
Throughout the evolution from early human ancestors living as hunter-gatherers to today’s 
society with its contemporary work-life-balance the ability to move from one point to another 
in an uninhibited manner has played a crucial part of human life. Hence, human beings have 
naturally been active beings ever since and along the way have evolved different types of 
locomotion. 
Climbing as one basic type of locomotion on the one hand has been reported to having played 
a major part in the evolution of human bipedalism. By comparing kinematics of chimpanzees 
and humans Prost (1980) described hominid vertical climbing being even more similar to 
human bipedal walking than hominid bipedalism, which lead him to the assumption that 
climbing is the more direct precursor of human bipedalism (Prost, 1980). Fleagle et al. (1981) 
see climbing as a biomechanical link between brachiation and bipedalism, however, cannot 
give any reason why only humans and no other climbing hominoid or any other living 
organism evolved to being a biped. This so-called “vertical-climbing hypothesis” was slightly 
qualified when Gebo (1996) though admitted that “vertical climbing is an important part in of 
the locomotor repertoire of all great apes” (Gebo, 1996, p.60), but with his main message 
saying “the best explanation for the evolutionary locomotor transition toward hominid 
bipedalism is through a terrestrial and quadrupedal phase like that of the African apes” (Gebo, 
1996, p.84). Nevertheless, climbing has undoubtedly played an important role in the whole 
evolution of the human locomotor function. 
On the other hand climbing itself as a certain type of human locomotion has evolved from an 
extreme outdoor activity, with the aim of overcoming high ascents of increasing difficulty and 
a training method for extreme mountaineering, to a popular sport and leisure activity in 
alpine, but also urban areas, with a high number of artificial indoor climbing gyms having 
been built up within the last decade or two (Breivik, 2010; España-Romero et al., 2012; Giles, 
Rhodes, & Taunton, 2006; Küpper, 2005; Rooks, 1997; Schöffl, 2012; Schöll & Hefti, 2010; 
Schweizer, 2012; Sheel, 2004; Watts, 2004). 
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The popularity of this sport, the increasing availability and the ongoing search for alternative 
ways of therapy even lead to the use of climbing within a wide range of applications 
(physiological as well as psychological) and the creation of therapeutic climbing as its own 
discipline. However, even until today the decision of whether and how to include climbing in 
a therapeutic concept is still mainly based on the individual experience and private interests of 
therapists and less based on scientific evidence of the effectiveness (Leichtfried, 2015). 
1.1. Research Rationale 
Nowadays society lives within a certain work-life-balance, where both of these parts tend to 
create extremely high stress for the body – physical and psychological – in order to be and 
remain successful. Frequent occupational disorders like chronic muscle pain are usually a 
result of various factors (Lundberg, 2002) (Figure 1). 
 
Figure 1: “Diagram showing the relationships between the various mechanisms that may be involved in the development of 
occupational muscle disorders” (Sjøgaard, Lundberg, & Kadefors, 2000, p. 100). 
Forde, Punnett and Wegmann (2002) reviewed the following pathomechanisms they found 
may be of relevance to work-related musculoskeletal disorders: posturally induced muscular 
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imbalance, neural pathomechanisms and the ‘Cinderella hypothesis’ of motor unit 
recruitment. Of less importance for this thesis they further mention reperfusion injury 
mechanism, impaired heat shock response and stress-induced mitochondrial damage. 
Posturally induced muscular imbalance is a concept based on a hypothesis by Mackinnon and 
colleagues (Mackinnon & Novak, 1994; Higgs & Mackinnon, 1995) that suggests that 
abnormal postures (e.g. during many work activities) lead to an overuse of certain muscle 
groups, whereas opposing muscle groups are underused, further producing “a self-
perpetuating condition that maintains the abnormal posture and muscle imbalance” (Higgs & 
Mackinnon, 1995, p. 4). This can further result in chronic nerve compression and can 
therefore be seen as a neural pathomechanism, which can also be the result of highly 
repetitive work (Novak & Mackinnon, 1998). The ‘Cinderella hypothesis’ dates back to G. M. 
Hägg, who in 1991 concluded that even static workloads below a certain threshold can result 
in muscle disorders. Due to the low level of workload, relatively few muscle fibres are 
constantly activated and the load does not get shifted evenly within all muscle fibres, which 
will eventually develop work-related myalgia (Hägg, 1991). 
Thus work-related musculoskeletal disorders cannot be limited to certain types of work and 
can be found within all different kinds of tasks, such as computer work (Blangsted, Søgaard, 
Christensen, & Sjøgaard, 2004; Sjøgaard, Lundberg, & Kadefors, 2000), high-precision tasks 
(Kadi et al., 1998), high-level load tasks and repetitive, monotonous work (Andersen et al., 
2002), respectively, to name just a few of them. 
In terms of the living part of a modern work-life-balance, sport is a predominant type of 
leisure activity, both actively and passively. Austrian statistics (i.e. Austria as an example of a 
modern Western country) show a clear increase in members of fitness centres (or similar 
organizations) in the last years (WKÖ NÖ, 2013) and that about 50% of all people older than 
15 years claim to be physically active at least 150 minutes per week (Statistik Austria, 2015). 
“Understood through the concepts of ritual and public, sport can be interpreted as a cause and 
effect of an intersubjective moral order. Historically, sport has been an important ritual for the 
representation of liberal publics. The liberal model of sport prodvides [sic] a perspective on 
how far modern sport has diverged from its earlier sources, and helps to define the liberal 
cultural crisis of sport.” (Alt, 1983, p. 97) 
In the early bourgeois society sport had been seen as a play, based on moral values, where 
activity and winning developed to be a symbol for progress, intelligence, concentration, 
commitment, honour and honesty, amongst others. While the original meaning of sport was 
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built on the concept of fair play, the professionalization of sport, driven by a 
commercialization and the increasing needs for action and excitement (for the spectators) lead 
to a rise in such things as cheating and violence, leading modern sport into a cultural crisis. 
Loyalty became less, sport became a political instrument and the performing self and the 
identification not with certain moral values, but with the winning team increased (Alt, 1983; 
Frey & Eitzen, 1991). 
“Modern sport has been described as (i) a ritual sacrifice of human energy; (ii) providing a 
common cultural currency between peoples; (iii) a means of compensating for deficiencies in 
life; (iv) a mechanism for the affirmation of identity and difference; (v) business rather than 
sport; (vi) a social product; (vii) a contested arena shaped by struggles both on and off the 
field of play and (viii) being a euphemism for Western or capitalist sport.” (Grant, 2006, p.3) 
Positive effects of sport, or in general physical exercise, have widely been reported in all 
kinds of areas, such as improvement in the cardiovascular system (Carter, Banister, & Blaber, 
2003; Gleeson et al., 2011; Joyner & Green, 2009; Krieger, Da Silva, & Negrão, 2001), the 
musculoskeletal system (Takarada et al., 2000), the psychological system and mental health 
(Hillman, Erickson, & Kramer, 2008; Salmon, 2001) and for all types of diseases, such as 
diabetes (American Diabetes Association, 2003) or cancer (Courneya et al., 2007; Dimeo, 
Fetscher, Lange, Mertelsmann, & Keul, 1997; McNeely et al., 2006). However, this is just a 
small excerpt of what has been done in this huge field of research and it has to be stated that 
most of those studies mention possible risks of exercise, especially when it comes to physical 
activity and certain diseases (Siscovick, Laporte, & Newman, 1985). Furthermore, exercise 
specific risks cannot be neglected (Koplan, Siscovick, & Goldbaum, 1985). 
Last but not least, musculoskeletal injuries due to accidents or other traumas that can happen 
in any daily-life situation (not only sports) have to be taken into consideration. Just like after 
most injuries, in rehabilitation after injuries of the musculoskeletal system it is necessary to 
find an individualized and suitable way of treatment, following some general rules. The very 
first step will most likely be the treatment of wounds, if necessary surgical repair of affected 
structures and the reduction of pain. Once the primary care is completed, the upcoming 
rehabilitation program includes some basic components. Therapy usually starts focusing on 
regaining flexibility and range of motion (ROM) that might have been lost due to the injury 
itself or throughout a preceding period of immobility. As soon as a basic level of flexibility 
could be achieved, regaining strength and muscular endurance become the priority, followed 
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by balance, coordination and agility. The last steps focus on the specific goals regarding 
functionality and performance (Houglum, 2016). 
Speaking of strength training it has to be differentiated between maximal strength, strength 
endurance, speed or explosive strength and reactive strength, respectively (Weineck, 2009). 
However, no matter which type of strength should be trained, whether for athletic or 
therapeutic reasons, the key to success is the ability to specifically activate and contract 
selected muscle groups above certain thresholds. 
The increasing importance of and the demand for high quality physiotherapy due to the above 
mentioned reasons and the complexity of a proper therapeutic concept also reflects within 
demographic data. Only in Austria the number of people (15 years and older) who consulted a 
physiotherapist at least once within the last twelve months nearly doubled from 726,289 in the 
years 2006/ 2007 to 1,313,055 in 2014 (Statistik Austria, 2016). 
Further factors that play a major role regarding the effectiveness and outcome of 
physiotherapy and therefore have a great influence on the overall quality are patient 
commitment and motivation. Houglum states seven principles, on which rehabilitation is 
based: avoid aggregation, timing, compliance, individualization, specific sequencing, 
intensity and the total patient (Houglum, 2016). Therefore, experts are constantly seeking for 
new therapy concepts and ways to provide high variety. Therapeutic climbing is one rather 
new discipline of (physio-)therapy that has already showed high potential in different fields of 
application, but has not been researched very well yet (Grzybowski & Eils, 2011; Leichtfried, 
2015). Numerous advantages of climbing in general (Bernstädt & Kittel, 2008a; Kowald & 
Zajetz, 2015a; Küpper, 2005; Zajetz, 2015) combined with a high controllability within a 
therapeutic environment indicate a high effectiveness of this young concept. However, 
scientifically this effectiveness has not been investigated much yet (Grzybowski & Eils, 2011; 
Leichtfried, 2015).  
Over the last few years some research projects, including this one, have come to light in terms 
of publications dealing with the investigation of muscle activation during therapeutic and 
other climbing relevant fields. However, the combination of force and EMG measurement has 
not been reported in therapy relevant climbing areas yet, whereas especially for therapy 
reasons this could have a huge benefit. Once a measurement system that delivers valid data 
exists a whole pool of different exercises could be investigated, effects be quantified and the 
outcome could be used as basis for future therapy concepts. 
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1.2. Research Scope 
The presented research project describes the combination of two measurement systems for 
simultaneous force and muscle activation measurement during climbing and the application of 
the system in a therapeutic environment. Two three-axis force sensors and a state of the art 
wireless surface electromyography (sEMG) system enable to simultaneously measure muscle 
activation of up to 16 muscle groups and the direction and magnitude of force on two 
handholds of a climbing wall. The development and use of the system was preceded by an 
extensive literature research, according to which the combination of such systems in the field 
of climbing research is a novel approach. Both systems together were then used in an 
experimental study with the aim of investigating the influence of handhold rotation and 
pulling velocity on force and muscular activity during a therapeutic climbing exercise. Fifteen 
healthy subjects (7 male, 8 female; height: 172.73 ± 12.45 cm; weight: 72 ± 18.58 kg) taking 
part in the study were asked to perform a climbing specific pulling exercise on a slightly 
overhanging therapeutic climbing wall. 
The research project was majorly limited due to the facts that for now only one very 
simplified therapeutic climbing exercise was investigated and that only healthy subjects took 
part in the study and performed the task within one day. This does not provide the possibility 
to assess therapeutic outcome. Furthermore, a bigger project budget would have enabled the 
possibility to acquire more suitable force sensors that could actually be integrated into 
climbing holds. 
Nevertheless, proof of function of the combined system, as it is right now, leads to further 
possible applications in future research. In addition, applications within sports climbing 
should be considered, where it would be of interest how much force and muscle activation a 
climber needs to successfully climb a route. 
Future research projects should focus on widening the meaningfulness and benefit of this 
research by investigating more different exercises to find out whether the findings of this 
study can be used more generally spoken. 
1.3. Research Objectives 
The primary aim of this research project is the development of a measurement system to 
simultaneously measure three-dimensional forces applied on a climbing hold and muscle 
activation of important muscle groups and the application of the same within a climbing 
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specific therapeutic environment. Thereafter it is strived to investigate the influence of 
handhold rotation and pulling velocity on force and muscular activity during a therapeutic 
climbing exercise in order to further establish the effectiveness of therapeutic climbing in a 
scientific manner. In this matter, a high muscle activation of relevant muscle groups could be 
seen as a sign of a high effect. Hence, it is thought that the investigation of muscle activation, 
recorded via electromyography (EMG), while performing a climbing specific therapeutic 
exercise could lead to a clearer image regarding the stated problem of insufficient knowledge 
in the field of therapeutic climbing. 
Preceding the experimental part of this project it is a major goal to provide a rather complete 
overview of scientific work that has been conducted in the field of climbing as a therapeutic 
application so far with a main focus on the rehabilitation of musculoskeletal injuries/ 
disabilities. 
With the use of a validly developed measurement system correlations between muscle 
activation and the forces applied at the climbing hold will be evaluated and investigated. 
Possible correlations could help further development of this young discipline. 
Hence, on the one hand EMG measurements during therapeutic climbing should bring deeper 
insight in what has so far often been hypothesized by therapists. On the other hand, if actively 
applying even more force on the climbing hold does for example lead to even higher muscle 
activation patterns this knowledge could be used to even improve the therapeutic effect of 
certain therapeutic climbing exercises.  
With known correlations between the forces applied at the climbing hold and the activation of 
certain muscles, for example, a feedback system based only on force measurement could 
supposedly and positively support therapy and increase the overall outcome. 
1.4. Research Methodology 
This thesis consists of a hermeneutical and an experimental part. Since an early stage of the 
project until recently, an excessive literature review had been conducted, searching for 
relevant sources within scientific databases (i.e. PubMed, ScienceDirect and GoogleScholar). 
The main focus on scientific studies in the field of therapeutic climbing had to be broadened 
to the effects of climbing in general and basic knowledge in terms of biomechanics, therapy 
and methodology. Furthermore, the overall significance of therapy and the demand for new 
concepts in a modern Western society is presented. 
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However, the focus of the project lies on the experimental investigation of the influence of 
handhold rotation and pulling velocity on force and muscular activity during a therapeutic 
climbing exercise. Therefore, two instrumented climbing holds were developed, each based 
on one three-axis force sensor (ME K3D120, ME-Meßsysteme GmbH, Hennigsdorf, GER) 
and adapters that enable mounting of the instrumented climbing holds on a self-built 
therapeutic climbing wall in an adjustable height. The force sensors were driven by a 
stabilized bridge supply voltage of 10 V and the output signal was amplified with a gain of 
1000 using operational amplifiers (INA125, Texas Instruments Inc., Dallas, TX, USA), of 
which the output pins were connected to the analogue inputs of a NI USB-6211 (National 
Instruments Corp., Austin, TX, USA). Muscle activation was detected using a myon 320 16-
channel wireless sEMG system (myon AG, Schwarzenberg, CH) with a NI USB-6210 
analogue input module (National Instruments Corp., Austin, TX, USA). The simultaneous 
recording of force and EMG data was realized via a LabVIEW SignalExpress 2011 project 
(Version 5.0.0, National Instruments Corp., Austin, TX, USA). 
The here described measurement devices were used within a randomized experimental study 
with 15 healthy male and female subjects in accordance with the RMIT University College 
Human Ethics Advisory Network, where the subjects had to perform a pull-up like therapeutic 
climbing exercise. The exercise had to be performed repeatedly with six different handhold 
rotations and three pulling velocities. 
Force and EMG data were each treated according to state of the art methods, such as 
subjective normalization and filtering. Key values of both types of data were determined and 
statistically processed. Data were tested for normality and non-parametric statistical tests 
chosen accordingly to investigate statistical significance. Spearman’s correlations were 
evaluated between muscle activation and force magnitude. 
1.5. Thesis Overview 
The thesis is divided into seven main chapters – introduction, theoretical background, 
literature review, research questions and hypotheses, methods, results and discussion and 
conclusion – which are further subdivided into up to three levels of subchapters, leading to a 
total of four levels of chapters. 
In the first chapter, the reader is introduced into the research topic, presenting the greater 
picture of the main research topic of therapeutic climbing. This chapter includes the formal 
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subchapters of research rational, research scope, research objectives, research methodology 
and the here described thesis overview. 
The second chapter provides a theoretical background regarding basic knowledge of muscle 
physiology, biomechanics and the theory behind the EMG measurements – origin and 
processing of the signal and factors influencing it. The second chapter concludes with a 
subchapter about force sensor principles. 
Chapter three starts with the current state of the art principles of rehabilitation of 
musculoskeletal injuries, with a special focus on the role of core stability, the treatment of low 
back pain and the rehabilitation of shoulder injuries. Also in this chapter climbing in general – 
its evolution, application and general principles – and therapeutic climbing with its effects and 
its different fields of application are presented. Physiological and medical aspects of climbing, 
which build the basis of therapeutic climbing, are described, just like the existing applications 
of force and EMG measurements in climbing. In addition, previous work in therapeutic 
climbing can be found within this part of the thesis, including scientific papers as well as 
single-case reports. 
Subsequently to the presentation of the state of the art, the research questions and hypotheses 
are developed and presented in chapter four. 
Chapters five and six contain the experimental part of the project, where in chapter five the 
methodology of the study is described in detail and chapter six presents the final results. The 
methods include all steps from the development of instrumented climbing holds, over the 
definition of the subject pool and the describing of the measurement routine to the whole data 
treatment. The results are subdivided according to the research questions and data treatment 
presenting the findings regarding the maximum force and muscle activation and the 
correlations between those parameters. 
With regard to the content, the thesis is concluded by chapter seven – discussion and 
conclusion – which discusses the previously presented literature review, the methodology and 
sums up the results of the conducted experimental study and presents systematic answers to 
the stated research questions. Furthermore, this chapter provides considerations for future 
measurements and limitations of the current experiments. 
The last chapter is followed by the bibliography, a list of figures, a list of tables, a list of 
abbreviations and lastly appendices A and B.  
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CHAPTER 2 
Theoretical Background 
 
The thesis on hand presents a practical approach to quantify the effects of therapeutic 
climbing on one certain, exemplary climbing specific pulling exercise. In order to maximize 
the benefit of this project the reader is provided with background information regarding the 
topics of general muscle physiology, investigation of muscle activation via EMG 
measurements and the sensor systems used in the study presented henceforth. 
2.1. Muscle Physiology and Biomechanics 
Three different types of muscles can be found in the human body – skeletal, smooth and 
cardiac muscle. Whereas the latter two are essential for functioning of inner organs and the 
heart and cannot be contracted voluntarily, the skeletal muscles are responsible for active 
(voluntary) movement of the whole locomotive system and make up about 40 percent of the 
body (Guyton & Hall, 2006). All types of muscles have in common that their contraction 
leads to a mechanical force output. In order to do so the skeletal muscle is composed of 
bundles of muscle fibres, so-called muscle fascicles, that are further “made up of successively 
smaller subunits” (Guyton & Hall, 2006, p. 72), which – generally spoken – translate 
chemical into mechanical energy. The smallest functional units of the skeletal muscle are the 
actin and myosin filaments that partially interdigitate with each other. One end of all actin 
filaments is attached to a so-called Z disc, from where the filaments extend in both directions 
and overlap the myosin filaments, which lie in-between the actin filaments and interact with 
them via cross-bridges. About 1500 myosin and 3000 actin filaments make up a myofibril, in 
which the actin and myosin filaments are held in place by titin molecules. These myofibrils 
are aligned side by side, surrounded by sarcoplasm and sarcoplasmic reticulum and bundled 
up to a muscle fibre, where one muscle fibre equals one muscle cell. The overlapping of the 
filaments and the Z discs lead to the appearance of the myofibrils as light (isotropic, I) and 
dark (anisotropic, A) bands, giving the entire muscle fibre its striated appearance. Each part of 
the muscle fibre (or myofibril) between two Z discs is called sarcomere, which is the part of 
the muscle where in the case of a contraction a change of length can take place (Figure 2) 
(Guyton & Hall, 2006). 
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Figure 2: Organization of the skeletal muscle. A: entire muscle; B: muscle fascicle; C: muscle fiber; D: myofibril showing H 
band, Z disc, A and I band, sarcomere; E: myofilaments; F-I: cross sections of bands and discs; J-N: actin and myosin. 
(Guyton & Hall, 2006, p. 73. Modified from: Bloom and Fawcett: A Textbook of Histology. Philadelphia: WB Saunders, 
1986.) 
Each muscle fibre equals one muscle cell that is innervated by a motoneuron (usually only 
one per muscle fibre), a myelinated nerve fibre that has its origin in the anterior horn of the 
spinal cord. One motoneuron innervates up to several hundreds of skeletal muscle fibres, 
which as a whole – one motoneuron and all its innervated muscle fibres – is called a motor 
unit. The innervations take place at neuromuscular junctions, so-called motor end plates, 
which are located near the muscle fibres’ midpoints. Hence, due to the fact that most muscle 
fibres extend the length of the entire muscle, a high concentration of neuromuscular junctions 
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(motor end plates) can be found near the middle of the entire muscle, which is called a motor 
point region (Guyton & Hall, 2006; Konrad, 2006). 
When a neuronal impulse (action potential) reaches the motor end plate voltage gated calcium 
(Ca++) channels open, what allows Ca++ ions to diffuse from the synaptic space into the axon 
(nerve) terminal. This in turn influences the synaptic vesicles to fuse with the pre-synaptic 
(neural) membrane and the neurotransmitter acetylcholine gets released into the synaptic 
space. Subneural clefts of the post-synaptic (muscle) membrane contain acetylcholine-gated 
ion channels, which have small acetylcholine specific receptors what leads to opening or 
closing of the channels depending on whether two acetylcholine molecules are attached or 
not. When acetylcholine attaches to the channels’ alpha subunits, a conformational change 
opens the channel and allows important positive ions – sodium (Na+), potassium (K+) and 
Ca++ – to move through the membrane, whereas negative ions, such as chloride (Cl-), get 
blocked by strong negative charges in the channel. Due to a negative potential on the inside of 
the muscle membrane of -80 to -90 mV (resting potential), a high amount of intracellular K+ 
and extracellular Na+ far more Na+ ions are pulled into the muscle fibre, while K+ is kept from 
flowing out. The sudden influx of positive Na+ ions causes an increase of the membrane 
potential directly at the area of the end plate of about 50 to 75 mV, called end plate potential. 
If a sufficient number of Na+ ions flow through the membrane and the end plate potential 
reaches a certain threshold, more and more voltage-gated Na+ channels open, which results in 
the initiation of an action potential at the muscle fibre. This action potential spreads out along 
the surface of the muscle fibre in both directions and penetrates the muscle fibre along 
transverse tubules (T tubules) reaching through the fibre and into the myofibrils. The T tubule 
action potential leads to a release of Ca++ ions from the vesicular tubules of the sarcoplasmic 
reticulum into the sarcoplasm surrounding the myofibrils. Although not entirely clear up to 
today, it is thought that the Ca++ is bound to the troponin C complex of the actin filament and 
thus, through a conformational change, uncovering the active sites of the actin filament, 
which interact with the cross-bridges of the myosin filament. When a head of a myosin cross-
bridge attaches to an active site of the actin filament a change in the intramolecular forces 
between the head and the arm of the cross-bridge happens, which causes the head to tilt 
towards the arm and thus drags the attached actin filament along the myosin filament. Right 
after the tilt, called power stroke, the head breaks off the active site and returns into its 
original position, attaches to another active site and the process repeats itself over and over as 
long as the concentration of Ca++ in the sarcoplasm is high enough. Thus, the actin filaments 
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are pulled towards the centre of the myosin filament (centre of the sarcomere), while at the 
same time pulling the Z discs up against the ends of the myosin filaments, where the 
contraction would reach its ultimate maximum. This whole process is called filament sliding 
mechanism and requires large amounts of energy, which is supplied by the cleaving of 
adenosine triphosphate (ATP) into adenosine diphosphate (ADP) and phosphate by the 
ATPase enzyme function of the myosin head. After about 1/20 of a second Ca++ ions are 
pumped back into the sarcoplasmic reticulum, ending the muscle contraction, which can then 
be reinitiated by another action potential. However, there is a slight period of time in-between 
two action potentials, a so-called refractory period, in which the membrane potential has to 
return close to its resting potential and the gates of the channels are inactivated so they can be 
activated again by the next activation potential. Although each process follows an all-or-
nothing principle, an actual shortening of the muscle is only possible through the summation 
of several action potentials. If the number and frequency of stimuli reaches its maximum, the 
state of contraction is called tetanization (Guyton & Hall, 2006). 
All muscles consist of varying percentages different types of fibres – slow-twitch and fast-
twitch fibres (including two subtypes). Fast-twitch fibres have the ability to produce up to 
twice as much power than slow-twitch fibres, but for a shorter period of time. They are larger 
in diameter and due to a more rapid energy release system can be activated more often within 
short periods, but fatigue faster. Slow-twitch fibres, on the other hand, are better supplied with 
oxygen, are able to contract repeatedly over longer time periods and thus provide endurance, 
but lower power (Guyton & Hall, 2006). 
Regarding the shortening cycle of the muscle two types of contractions can be found, whereas 
muscle contraction often occurs as a combination of the two. The process of muscle 
contraction as described above does mainly apply for isotonic contractions, which is the 
actual shortening of the muscle under a constant force output. The second type of contraction 
is the isometric contraction, where the muscle contracts without and actual change of its 
length. In this case, the force is produced just by a constant distortion of the myosin heads, 
without the whole process of filament gliding (Silbernagl & Despopoulos, 2012). The muscle 
basically contracts in order to resist against an externally acting force. 
It has been widely accepted that “the active muscle is still a two-component system, 
consisting of an undamped purely elastic element, in series with a contractile element 
governed by the characteristic equation (P + a) (v + b) = const. There may be, indeed there 
must be, visco-elastic and probably purely viscous elements as well.” (Hill, 1938, p. 184) 
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“In such muscles, as they occur anatomically in the body, the contractile component is mixed 
with inert elastic material the presence of which makes the experimental study of the 
mechanical properties of the contractile element itself more difficult. The contractile units, the 
striated muscle fibres, are surrounded by a sarcolemma which is strong and elastic and 
provides most of the resistance to static stretch. At the ends of the fibres are elastic tendons 
which fuse into bundles and join the muscle to the skeleton. The sarcolemma is in parallel 
with the contractile material, the tendons in series with it. In the muscle as a whole there is 
further elastic material in parallel with the fibres.” (Hill, 1950, p. 415) 
This has become to be known as the Hill muscle model, based on which physiologists have 
examined the dynamics of muscle contraction. Muscle strength is on the one hand dependent 
on the cross-section of the muscle (Hill, 1938) and on the other hand is a function of 
shortening velocity (Abbot & Wilkie, 1953; Bottinelli, Schiaffino, & Reggiani, 1991; 
Bottinelli, Canepari, Pellegrino, & Reggiani, 1996; Edman, 1979; Edman, 1988; Fenn & 
Marsh, 1935; Hill, 1938; Katz, 1939; Levin & Wyman, 1927) and length in terms of striation 
spacing versus muscle tension (Abbot & Wilkie, 1953; Edman, 1979; Gordon, Huxley, & 
Julian, 1966a; Gordon, Huxley, & Julian, 1966b). 
Regarding the shortening velocity it has been examined that the faster a muscle shortens, the 
less external force in can exert or, conversely, the higher the load a muscle has to overcome, 
the lower the velocity it can shorten (Figure 3). If the load becomes too high the muscle fails 
to shorten and at a certain load it starts lengthening, whereas the higher the force, the higher 
the velocity of lengthening (Figure 3 (b)). 
 
  
(a) (b) 
Figure 3: Relationship between velocity and force / load during muscle contraction. (a) shortening during an isotonic 
contraction (source: Hill, 1938, p. 177), (b) shortening and lengthening (source: Hill, 1951, p. 947). 
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Furthermore, the functioning of a muscle is a matter of muscle length, more precisely, of 
striation spacing. Based on the filament sliding theory results shown in Figure 4 (a) can be 
interpreted so that there is a certain striation spacing in order to obtain optimal muscle 
tension, which can be explained by an optimal filament overlapping. This optimal length is 
often referred to as normal body length. Figure 4 (b) subdivides this relationship into tension 
at rest, during contraction and total tension, whereas this does only apply under two 
conditions, “(a) if the parallel elastic component be supposed to take the whole, or nearly 
enough the whole, of the resting tension; and (b) if it be assumed to run the whole length of 
the muscle, in parallel with the system made up of the contractile component with its elastic 
body in series with it.” (Hill, 1950, p. 417) 
 
 
 
(a) (b) 
Figure 4: (a) influence of striation spacing on muscle tension (source: Gordon, Huxley, & Julian, 1966b, p. 185), (b) 
influence of muscle length on muscle tension (source: Hill, 1950, p. 417). 
2.1.1. Electromyography (EMG) 
“The electromyographic (EMG) signal is the electrical manifestation of the neuromuscular 
activation associated with a contracting muscle. It is an exceedingly complicated signal which 
is affected by the anatomical and physiological properties of muscles, the control scheme of 
the peripheral nervous system, as well as the characteristics of the instrumentation that is used 
to detect and observe it. Most of the relationships between the EMG signal and the properties 
of a contracting muscle which are presently employed have evolved serendipitously. The lack 
of a proper description of the EMG signal is probably the greatest single factor which has 
hampered the development of electromyography in to a precise discipline.” (De Luca, 1979, 
p. 53)1 
In simple terms, the EMG signal represents the summarized (superposed) motor unit action 
potentials (MUAPs) of all muscle fibres or motoneurons, respectively, over time that can be 
1(Note: Within this thesis the abbreviation “EMG” can stand for both electromyographic and 
electromyography.) 
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detected by the use of special electrodes. As described within the previous chapter a neuronal 
action potential, under normal conditions, propagates into all branches of a motoneuron and 
simultaneously innervates all muscle fibres a motor unit is linked to via electrochemical 
junctions at the motor end plates. Starting from the motor end plate, this depolarization of the 
post-synaptic membrane of each muscle fibre propagates along the fibre in both directions. If 
an electrode is placed near the innervated muscle fibre the signal will eventually pass this site 
and the electrode will detect the depolarization potential with respect to a reference (ground) 
potential (Figure 5). “However, since the depolarization of the muscle fibre of one motor unit 
overlap in time, the resultant signal present at the recording site will constitute a spatial-
temporal superposition of the contributions of the individual action potentials. The resultant 
signal is called the motor unit action potential (MUAP) and will be designated at h(t).” (De 
Luca, 1979, p. 56) 
The mechanical result of a MUAP is a single twitch of the excited muscle fibre. However, for 
a sustaining (consistent) muscle contraction the motor units must be activated repeatedly, 
resulting in a sequence of MUAPs, which is then to be called a motor unit action potential 
train (MUAPT). Single MUAPTs can theoretically only be detected during very weak muscle 
contractions and when only the fibres of one single motor unit are active close to the 
electrode. With an increasing force output, however, the number of active motor units in 
general and hence near the electrode increases and several MUAPTs are detected 
simultaneously. 
 
Figure 5: “In the diagram, the integer n represents the total number of muscle fibres of one motor unit that are sufficiently 
near the recording electrode for their action potentials to be detected by the electrode. (…) The shape of the observed action 
potential will depend on the orientation of the recording electrode contacts with respect to the fibres.” (De Luca, 1979, p.54) 
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In order to further study the properties of the EMG signal researchers have tried several 
techniques to identify MUAPTs and separate single MUAPs from each other, whereas this 
could reliably be achieved for three to five MUAPTs at force levels lower than 50% of the 
maximum value. Two important factors that have been investigated in this matter are the 
firing rate (i.e. reciprocal of average inter-pulse interval) and the recruitment of motor units. 
Varying results have been found, which cannot be summarized for all muscles, but indicate 
the following behaviour. Regardless of the type of muscle, it has to be differentiated between 
constant-force isometric contractions and force-varying isometric contractions. Previous 
research indicates that the firing rate decreases over the time of contraction, whereas motor 
units remain active throughout the entire contraction, with possibly increasing twitch tension. 
No significant indication could be observed for time-dependent recruitment of additional 
motor units. During force-varying isometric contractions on the other hand, an interplay 
between firing rate and recruitment has been observed. In contractions up to 30% of 
maximum voluntary contraction (MVC) smaller motor units are recruited first, followed by 
larger motor units as the force increases. Firing rate, however, increases only as a secondary 
factor in this force range. This turns in contractions of higher force levels, where the firing 
rate becomes the primary factor. Only in some muscles, recruitment could be observed in 
force levels above 70% MVC, in which cases the firing rate has been irregular (De Luca, 
1979). 
Since the use of special electrodes is mandatory for EMG measurements, as the detected 
signal represents the depolarization potential with respect to a reference potential, the 
electrode configuration plays an important role in the acquisition. The ground (reference) 
potential is usually a signal detected by an electrode similar to those recording the MUAP, 
which is placed in a spot where no muscular activation is to be expected (e.g. seventh cervical 
vertebra, patella bone, spina iliaca superior etc.) (De Luca, 1979). Modern EMG systems, 
however, can artificially recreate the reference potential, without the use of an additional 
electrode. 
As these electrodes have to operate very sensitively they are prone to noise, such as from 
power line sources or cross-talk of surrounding muscle layers. Therefore, a bipolar electrode 
configuration is typically used, whereas the electrode contacts are aligned parallel to the 
muscle fibre direction and the signal is amplified differentially. Due to this configuration the 
signal, which is actually of interest, passes the electrode sites at slightly different times, 
whereas all kinds of noise are detected by both electrodes at all times and subtracted from 
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each other via differential amplification (De Luca, 1979; De Luca, 2002). The adding of 
further electrode contacts, such as a tripolar (double differential) configuration, further 
reduces the signal-to-noise ratio (De Luca, 1997). 
The types of electrodes used to detect the EMG signal vary in form and function. In general, it 
can be differentiated between surface and inserted electrodes, of which inserted electrodes can 
further be divided into needle and fine-wire electrodes. Needle electrodes usually either 
consist of a hollow needle that contains a wire of which it is separated by an insulator, leading 
to a bipolar contact (needle and wire), or they can be unipolar simple needles with bare tips, 
in which case usually two needles per muscle or an additional surface electrode are used for a 
bipolar detection. Fine-wire electrodes are inserted with the help of needles, but what remains 
in the muscle during measurements are just two very fine wires with bare tips (e.g. nylon-
insulated Evanohm® alloy wires), which can detect the electric signal. Inserted EMG 
electrodes are invasive electrodes that are inserted directly into the muscle tissue of the 
muscles that are aimed to be investigated. A high anatomical knowledge is required and an 
exact placement can be supported by the use of imaging techniques, such as ultrasound or  
x-ray. In kinesiology and biomechanical studies, non-invasive surface electrodes are the most 
commonly used type of electrodes. Simple silver-silver chloride electrodes, as commonly 
used in electroencephalography and electrocardiography, were found to be usable to detect the 
myoelectric signal directly on the skin surface. In this case, the contact and the insulation 
between the electrode and the skin are important to be considered and can be improved by the 
use of conductive gels (Basmajian, 1979; Konrad, 2006). Nowadays, self-adhesive, single-use 
wet-gel-electrodes are the most common type of surface electrodes (Konrad, 2006), whereas 
in earlier EMG studies silver-disc surface electrodes can be found that can be attached to the 
skin by the use of adhesive strips (Basmajian, 1979). For improvement of the conductivity 
(i.e. lowering of the resistance) between skin and electrode also the preparation of the 
application area has to be taken into account and to follow several recommended steps, such 
as shaving in case of hair on the according places, abrasion of the dead skin surface layer and 
cleaning the skin with alcohol swabs (Basmajian, 1979; Hermens et al., 1999; Konrad, 2006). 
Factors influencing the EMG signal 
“It should be emphasized that the amplitude and shape of an observed MUAP are a function 
of the properties of the motor unit, muscle tissue and recording electrode properties.” (De 
Luca, 1979, p. 57) 
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De Luca (1997) describes the most important influencing factors by grouping them into the 
categories causative, intermediate and deterministic (Figure 6). 
 
Figure 6: “A schematic diagram of the factors which affect the EMG signal. The arrangement of the factors is 
designed to demonstrate the flow of the influences and interactions among the factors.“ (De Luca, 1997, p. 139) 
Extrinsically, the size and shape of the electrodes influence the number of active motor units, 
which will be detected, depending on the size and number of muscle fibres near the electrode 
(intrinsic). Furthermore, it can influence the inter-electrode distance. Regardless of the size 
and shape, the electrode location influences the amplitude and frequency characteristics of the 
signal. The electrodes should be aligned along the fibre direction and with respect to the 
motor point and the lateral edge of the muscle in order to reduce crosstalk. Intrinsic factors, 
such as the composition of fibre types, the number of active motor points, fibre size, the 
location of the active fibres within the muscle and hence the amount of tissue between the 
electrode and the active fibres cannot be controlled by the investigator. These factors further 
influence intermediate factors, such as the band-pass filtering aspects of the electrode 
configuration, the superposition of action potentials, as mentioned already, muscle crosstalk 
and spatial filtering due to the position of the electrode relative to the active fibres. 
Furthermore, relative movement can occur between the electrode and the active fibres, which 
is especially hard to control with the use of surface electrodes, as the skin does not follow the 
exact same movements as the muscle fibres while contracting. This is already a concern in 
isometric contractions with an increasing effect in non-isometric contraction (i.e. motion 
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artefacts during active movements). Deterministic factors are only partly influenced by the 
already mentioned categories, but have a direct influence on the EMG signal and its possible 
interpretation (De Luca, 1997). 
Additionally to the hitherto mentioned factors, some further ought to be mentioned or 
specified, respectively. When working with surface electrodes not only the relative location of 
active fibres in the muscle is relevant. In addition, the subcutaneous tissue between the 
electrode and the surface of the muscle and the preparation of the skin at the application area 
can negatively affect the amplitude of the signal. In terms of muscle crosstalk, spikes of the 
electrocardiogram represent a special case that can be observed especially when EMG 
measurements are performed in the upper trunk region. Electrodes used in EMG signal 
detection have been reported to be prone to record noise from various sources, for example 
due to incorrect grounding of surrounding electrical equipment. Last, but not least, the signal 
can be negatively affected by such things as cable movement and inappropriate amplification 
(Konrad, 2006). It can conclusively be stated that “the EMG signal is the result of many 
physiological, anatomical, and technical factors” (De Luca, 1997, p. 137), whereas even under 
consideration of all possible recommendations regarding the recording of the EMG signal, its 
amplitude is stochastic in its nature and underlies a number of influencing factors. The 
amplitude of the raw signal typically ranges between 0-10 mV (peak-to-peak), with the 
dominant energy in the range of 50-150 Hz (De Luca, 2002). 
Processing of the EMG signal 
There are two main parameters for interpretation of the EMG signal – the amplitude and the 
spectral domain. Based on this differentiation the processing of the raw signal includes 
different steps. 
Due to its stochastic nature, when analysing the amplitude of the signal, a number of 
processing steps have been developed by scientists over the years in order to enable proper 
interpretation. Commonly, after thoroughly screening of the data by a qualified person, the 
raw signal is rectified by calculating its absolute value. As the signal shows a high level of 
natural noise, it then has to be smoothed by either applying a filter or an algorithm like a 
moving average or a root mean squared value. In order to create a comparability between 
subjects and muscles or between different sets of measurements, the amplitude has to be 
normalized. For this step, several approaches have been presented and accepted. The most 
respected approach is the normalization to the signal of a muscle recorded under a MVC. If 
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this cannot be achieved within the study design, the normalization to a value, which has been 
recorded during the measurements, can be done, if this parameter can be defined in all signals. 
Another approach is to define a standardized exercise all subjects have to perform and use the 
maximum signal recorded during the exercise as a reference (Basmajian, 1979; De Luca, 
1979; De Luca, 1997; De Luca, 2002; Konrad, 2006). 
At that point, questions can be answered such as how much a muscle is active and whether it 
is more or less active compared between subjects, exercises and other muscles. If the timing, 
such as when a muscle is active or not, is of interest, the signal has to be normalized in the 
time domain between the definite start (0%) and end (100%) of the motion. If then an 
amplitude threshold value, which has been defined beforehand, is exceeded the muscle counts 
as active until the signal falls below the threshold again. Also after the normalization in the 
time domain it is possible to calculate a mean course of EMG signal over the whole motion. 
Before or after the time normalization, depending on the research focus, the integrated EMG 
(iEMG) can be calculated as the area below the EMG signal curve. This is often referred to as 
a common measure of the overall performance output of a muscle in terms of power 
(Basmajian, 1979; De Luca, 1979; De Luca, 1997; De Luca, 2002; Konrad, 2006). 
The main application of spectral analysis in EMG measurements is the analysis of muscle 
fatigue. In that case, the analysis starts from the raw signal, of which a frequency spectrum is 
calculated. It has been shown that muscle fatigue leads to a shift within the power spectrum 
from higher to lower frequency components, whereof the median frequency is the most 
commonly evaluated parameter in this matter. The analysis can either be carried out from a 
defined series of windows during a constant maximum contraction over a longer period of 
time, which is commonly known as fatigue index. Alternatively, the power spectrum can be 
evaluated before and after one or more fatiguing exercises (De Luca, 1997). 
The combined analysis of the time-frequency space of EMG signals is a rather modern 
approach, which has been presented by either using calculation methods, such as a short-time 
Fourier transform or wavelet analysis (von Tscharner, 2000; von Tscharner, 2002). 
Depending on which muscles are to be investigated, they can be more or less affected by the 
signal of the electrocardiogram. This is an especially crucial factor the closer the muscle lies 
to where the electrocardiogram is to be expected (i.e. trunk). Different filter algorithms 
(Barrios-Muriel, Romero, Alonso, & Gianikellis, 2016; Drake & Callaghan, 2006; Marker & 
Maluf, 2014; Miljković, Popović, Djordjević, Konstantinović, & Šekara, 2017) and the use of 
wavelets (Abbaspour & Fallah, 2014; Abbaspour, Lindén, & Gholamhosseini, 2015; 
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Abbaspour, Fallah, Lindén, & Gholamhosseini, 2016; Niegowski & Zivanovic, 2016; von 
Tscharner, 2011) have been developed to reduce this contamination. In case of a 
contamination, which can usually clearly be seen in the screening of the data, both for the 
amplitude and for the spectral analysis of the EMG signal an elimination of the 
electrocardiogram has to be implemented as the first step of processing. 
2.2. Force Sensor Principles 
Living organisms use receptors to detect certain stimuli (external or internal), convert them 
into electrical signals and further conduct those signals to a central unit, such as the central 
nervous system where the signal creates a sensory impression. In general, sensors can be seen 
as artificial versions of such receptors. Sensors are technological components that can, for 
example, record physical or chemical stimuli and convert them into clear electrical signals. It 
has to be differentiated between active and passive sensors, of which passive sensors need an 
external operating energy in order to create an output signal, whereas active sensors can 
directly convert a non-electric quantity or chemical change into an electric signal. 
Furthermore, it can be distinguished between external and internal sensors, depending on 
whether their main task is to detect external (environmental) influences or internal conditions 
(e.g. of a process) (Hesse & Schnell, 2009). 
Force sensors belong to a certain type of sensors that can detect mechanical changes and 
deliver an electrical signal, which is relative to the force acting on the part the sensor is 
attached to, hence on the sensor. Usually a force sensor is a specially designed ductile body 
that, when a force acts on it, undergoes an elastic deformation, which is proportional to the 
acting force. It is then actually the deformation that can be detected and not the force directly. 
The two most common detection principles are the use of piezoelectric materials and strain 
gauges (Hesse & Schnell, 2009). 
Piezoelectric materials are often different types of crystals, such as Quartz, which show 
change in polarity between two opposing sides when a force acts along a certain axis of the 
crystal. Due to the inconsistency of the electric charge this principle, however, can only be 
applied under dynamic conditions and static forces cannot be recorded with piezoelectricity. 
Therefore, strain gauges are a well-established alternative. Strain gauges work based on the 
principle that the resistance of a wire depends on the wire’s cross-sectional area, which 
changes when the length of the wire is changed, where the change of resistance is 
proportional to the lengthening. In case of strain gauges the wire is a metallic measuring grid 
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on a backing film, which can be firmly attached to the specially designed ductile body on 
which the forces to be measured act in the longitudinal direction of the measuring grid. The 
size of the measuring grid and the design of the ductile body depend on the type and 
magnitude of the forces, which are expected to be measured. As the changes in resistance of 
strain gauges are usually very small, the preferred connection of strain gauges is within a 
Wheatstone bridge and the use of further operational amplifiers. However, strain gauge based 
force sensors deliver very accurate values with high linearity, suitable for both static and 
dynamic force measurements (Hesse & Schnell, 2009). 
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CHAPTER 3 
Literature Review – State of the Art 
 
An extensive search for literature has been conducted within relevant fields of science and 
research. The search was mainly done via GoogleScholar, PubMed, ScienceDirect and the 
online library tools of RMIT University and several Viennese universities (i.e. Medical 
University Vienna, University of Vienna, University of Applied Sciences (UAS) Technikum 
Wien). Keywords that were used are: rehabilitation, musculoskeletal injuries, shoulder 
instability, back pain, athletic injury, climbing, pulling, pull-up, back pain, therapy, 
physiotherapy, therapeutic climbing, electromyography, EMG, muscle activation, forces and 
force measurement, different combinations of those and the regarding German translations. 
Articles, theses and other types of publications both in English and German were considered.  
3.1. Rehabilitation of Musculoskeletal Injuries 
The rehabilitation of musculoskeletal injuries usually goes through several phases from acute 
treatments until regaining complete function, whereas the desired function is majorly defined 
by the individual patient’s requirements. Houglum (2016) divides these rehabilitation 
modalities into five phases: acute phase, early proliferation, late proliferation, early 
remodeling and late remodeling (Table 1). Starting in the second phase, the early 
proliferation, the list of possible modalities includes parts of activity, such as ROM activities 
and joint mobilization. With time passing, the importance of such active interventions 
increases and by the early remodeling also strength, balance and coordination activities are 
recommended. At the end of this phase, strength should be restored and the patient should 
already have regained normal ROM and joint mobility. From that point on, the focus of 
rehabilitation is set to improve functionality until being able to return to normal activities 
(Houglum, 2016). Similarly, but slightly adapted to a more sportive focus, Wyss, Patel and 
Malanga (2012) name the five phases: “Phase I: Decrease pain and swelling (PRICE 
protocol)”, “Phase II: Restore ROM and normal arthrokinematics”, “Phase III: Strength 
training”, “Phase IV: Neuromuscular control and proprioceptive training”, “Phase V: 
Functional or sport specifi c training” (Wyss, Patel, & Malanga, 2012, p. 3). 
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Healing 
phase 
Timeline Possible modalities Goal for modality application 
Acute phase Days 0-3 Cold: Ice pack, ice cup, cryobath, cold 
pack 
Relieve pain, relieve swelling, 
promote blood clot formation 
Electrical stimulation Relieve spasm, relieve pain 
Compression Reduce swelling 
Elevation Reduce swelling 
Low-power laser Relieve pain 
Early 
proliferation 
Days 2-10 Cold: Ice pack, ice cup, cryobath, cold 
pack 
Relieve pain, relieve swelling, 
promote blood clot formation 
Electrical stimulation Relieve spasm, relieve pain, 
encourage healing 
Low-power laser Relieve pain, encourage healing 
ROM activities Gain motion, relieve pain, 
relieve spasm, reduce edema 
Joint mobilization, grades I and II Relieve pain 
Cryotherapy only if indicated Reduce possible inflammatory 
effects from overly aggressive 
treatment 
Late 
proliferation 
Days 7-21 Heat modalities Encourage circulation, prepare 
tissue for other treatments 
High-voltage electrical stimulation Reduce edema, reestablish 
lymphatic flow 
Russian or interferential electrical 
stimulation 
Muscle reeducation, muscle 
contraction facilitation 
Joint mobilization, grades I and II Relieve pain 
Selected massage techniques Relieve swelling, reestablish 
lymph flow 
Cryotherapy only if needed Reduce possible inflammatory 
effects from overly aggressive 
treatment 
Early 
remodeling 
Days 14-
48 
Superficial or deep heat modalities 
during first week. Cardiovascular 
warm-up exercises after first week of 
early remodeling. 
Prepare tissue for other 
treatments by improving deep or 
superficial circulation 
Russian or interferential electrical 
stimulation until muscle activates 
normally 
Muscle reeducation, muscle 
contraction 
ROM activities Restore motion 
Joint mobilization, grades I, II, III, IV Relieve pain, restore mobility 
Selected massage techniques Relieve swelling, reestablish 
lymph flow 
Strength, balance, coordination 
activities 
Restore lost physical parameters 
Cryotherapy only if needed Reduce possible inflammatory 
effects from overly aggressive 
treatment 
Cardiovascular exercises before 
rehabilitation exercises 
Warm up muscles in preparation 
for exercises 
Late 
remodeling 
Day 42 to 
18 months 
ROM activities Maintain normal range of 
motion and mobility 
Agility, functional, performance 
specific activities 
Prepare patient to return to 
normal activities 
Table 1: “Modalities in Rehabilitation” (Adapted from: Houglum, 2016, p.57). 
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In their adaption of the concept, ROM and normal biomechanics should already be restored 
by the end of the second phase, since they claim that “strengthening can only occur within the 
available ROM; therefore, if ROM is restricted strength gains will be limited” (Wyss, Patel, & 
Malanga, 2012, p. 4). Strength training is seen as the third phase of rehabilitation, whereas the 
authors make it clear that the intensity of strength training is closely linked to a pain free 
ROM and exercises have to be developed from isometric to isotonic (low weight, high 
repetition). Following this phase neuromuscular control and joint stability has to be regained 
(e.g. via proprioceptive training) before in the final phase full functionality and sport specific 
training can be introduced. Especially in this last phase, rehabilitation interventions develop 
towards high demanding tasks, often broken down into smaller movements to lead the patient 
back to sports (Wyss, Patel, & Malanga, 2012). 
3.1.1. Role of Core Stability in Rehabilitation and Sports 
The spinal stabilizing system has previously been reported to consist of three subsystems: the 
passive spinal column the active spinal muscles, as well as the neural control system. A 
dysfunction of any of those three components can result in chronic disease (Panjabi, 1992). 
By simplifying a mathematical model McGill (2001) compares the stability of the trunk as a 
system of balls in bowls, where each bowl must be of sufficient size and height for the ball to 
stay stable. He explains that a decreased height of only one of those bowls can cause 
instability in one or even more dimensions (McGill, 2001). No single muscle could be found 
more important over others to maintain spine stability, whereas the effect seemed to be bigger 
in larger muscle groups (Kavcic, Grenier, & McGill, 2004). However, in terms of a 
mechanical stability of the lumbar region the combined activation of all abdominal muscles 
was found superior to a selective activation of only the transversus abdominis and internal 
oblique (Grenier, & McGill, 2007). 
In an extensive literature review Hibbs, Thompson, French, Wrigley and Spears (2008) reveal 
a major difficulty in interpreting the importance of core stability on athletic performance, due 
to such a high number of different definitions about what is included in the terms core 
stability and core strength. Nevertheless, they draw the conclusion that there might be at least 
an indirect impact, based on a reduced risk of injury for athletes including core stability 
programs in their trainings (Hibbs et al., 2008). 
In order to evaluate whether certain core stabilizing exercises are more suitable for 
rehabilitation or athletic purpose, Fenwick, Brown and McGill (2009) quantified the muscle 
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activation of the spine and hip extensors, spinal loading and muscle-generated stiffness during 
three different rowing exercises. Seven healthy male subjects took part in the study, in which 
they had to perform inverted rows on two hanging handles, standing bent-over rows with a 
barbell and one-armed cable rows on a cable pulley system. Surface electromyography was 
assessed bilaterally of the muscles rectus abdominis, external obliques, internal obliques, 
latissimus dorsi, upper (thoracic) erector spinae and lumbar erector spinae and of the right 
gluteus medius, right gluteus maximus, right rectus femoris and right biceps femoris. 
Additionally, lumbar spine position was measured using an electromagnetic tracking 
instrument. A computerized model then evaluated spine load and stiffness estimation. 
Although in this area of research it can hardly be said for all patients, the inverted row 
revealed the most promising results as a rehabilitation exercise, since the spinal loading was 
revealed lowest during this exercise. However, the exercise showed an asymmetry between 
upper and lower erector spinae activation, which might be a contraindication for some 
patients with a history of low back pain. For someone for whom high spinal loads would not 
imply an issue (e.g. athletes), standing bent-over rowing can be preferred due to high muscle 
activation levels (Fenwick, Brown, & McGill, 2009).   
A study amongst females, investigating the muscle activation of core muscles during dynamic 
upper limb exercises was conducted to evaluate the one repetition maximum of seven 
different push and pull exercises. Activation of rectus abdominis, obliquus externus 
abdominis, longissimus and multifidus was measured while concentric and eccentric exercises 
were carried out on a cable pulley system and during isometric trunk flexion, lateral flexion 
and extension. For both abdominal muscles the highest levels of activation could be found 
during bilateral shoulder extension and shoulder horizontal adduction, while for the back 
muscles this could be seen during shoulder horizontal abduction and shoulder extension – the 
exact opposite motions. Hence, the authors concluded that a change in direction can lead to a 
moment of activation for all muscles, which they expect muscle endurance and strength 
development. In addition, it could be observed that pelvis fixation during standing upper body 
exercises has an increasing effect on muscle activation (Tarnanen, 2012). 
3.1.2. Dynamic Exercise Programs on Low Back Pain 
Already in the late 1980s a Danish group of medics started investigating the influence of 
intensive dynamic muscle training for the improvement of chronic low back pain. They 
compared patients who were randomly assigned to three groups of different treatment 
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routines. While one group was limited to simple isometric exercises, the other two groups 
performed dynamic strengthening in two different levels of intensity over a period of three 
months. Especially for the high intensity group they found significant improvement in all 
measured parameters (i.e. pain, disability, endurance, Schober’s test, physical impairment). 
Except for the pain scale, even the patients within the low intensity group showed significant 
improvements. Although patients reported some disabilities in the early stages of the study, 
the overall outcome lead the authors to the clear recommendation to include physical 
activities in the treatment of low back pain (Manniche, Bentzen, Hesselsøe, Christensen, & 
Lundberg, 1988; Manniche, Lundberg, Christensen, Bentzen, & Hesselsøe, 1991).  
Nadler and colleagues investigated the relationship between hip muscle imbalance and low 
back pain in 163 National Collegiate Athletic Association Division I college athletes (100 
males and 63 females). Via dynamometry of hip abductors and extensors, the difference 
between left and right muscle function was quantified. For female athletes suffering low back 
pain during the academic year (5 of 63) extensor imbalance could be associated with low back 
pain. No association could be found for either parameter in the male or in the overall group 
(Nadler et al., 2001). It was further investigated whether core strengthening can positively 
influence the occurring low back pain. No statistical improvement could be found, though. 
However, the core strengthening seemed to reveal an improvement in hip extensor balance, 
which might indicate a more gender specific relevance of the findings. The authors claimed, 
though, that the study is limited to a very low number of subjects suffering low back pain in 
the first place (Nadler et al., 2002). 
In his study of 57 chronic low back pain patients, Moseley (2002) compared the effectiveness 
of a combined physiotherapy treatment with a not predefined treatment of general 
practitioners. He found both interventions significantly improving patients’ pain and disability 
after four weeks and a one-year follow-up. However, physiotherapy promised higher effects 
and clearly decreased the number of health care visits during the follow-up period (Moseley, 
2002). 
Comparing guided physiotherapy with advice-based self-treatment of patients with low back 
pain (more than six weeks) revealed that conventional physiotherapy seemed to have no 
benefit over one-time advice (Frost, Lamb, Doll, Carver, & Stewart-Brown, 2004). 
Due to the high social importance of low back pain, numerous intensive literature reviews 
have been published and guidelines were developed based on their outcomes. Most of them, 
however, concluded that the effectiveness of exercise therapy so far could not be generalized 
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for all types of low back pain. Although promising results have been reported in most of the 
studies dealing with chronic low back pain, the effectiveness of exercises on acute low back 
pain remains unclear (Bekkering et al., 2003; Chou et al., 2007a; Chou, & Huffman, 2007b; 
Hayden, Van Tulder, Malmivaara, & Koes, 2005; Koes, Bouter, Beckerman, Van Der 
Heijden, & Knipschild, 1991; Liddle, Baxter, & Gracey, 2004; Pengel, Herbert, Maher, & 
Refshauge, 2003; Rainville et al., 2004; van Tulder, Malmivaara, Esmail, & Koes, 2000). 
3.1.3. Rehabilitation of the Shoulder 
Due to its high degree of freedom and anatomic complexity, rehabilitation of the shoulder is 
certainly challenging (Wilk, 1993). Especially in the rehabilitation of injuries resulting from 
athletic overhead motions (i.e. throwing, tennis serve, swimming, etc.), the importance of the 
kinetic chain principle and therefore the partly integration of proximal and distal segments in 
the rehabilitation process have clearly been brought out. In later stages of stabilization of 
shoulder instability repetitions, load and speed of exercises can be varied. It has further been 
emphasized that highly dynamic, plyometric exercises should be implemented in a late stage 
of the rehabilitation of the athletic shoulder in order to develop sport specific power of the 
joint (Hayes, Callanan, Walton, Paxinos, & Murrell, 2002; Jaggi, & Lambert, 2010; Kibler, 
1998; Kibler, McMullen, & Uhl, 2001; Reinold, Gill, Wilk, & Andrews, 2010; Rubin, & 
Kibler, 2002; Wilk, & Arrigo, 1993a; Wilk et al., 1993b; Wilk, Meister, & Andrews, 2002). 
Hintermeister, Lange, Schultheis, Bey and Hawkins (1998) investigated the muscle activation 
of what they considered the “core elastic resistance shoulder rehabilitation exercises (…) 
designed to work in a pain-free range of motion” (Hintermeister et al., 1998, p. 216). 
Amongst other things, they found out that changing of hand position during seated rowing 
from narrow to wide and from vertical to horizontal grip it seemed possible to target different 
muscles in different intensity. While in narrow and middle grip width the more internal 
rotation lead to a rather isolated activation of the subscapularis, the wide grip revealed an 
evenly spread activation of the supraspinatus, infraspinatus and trapezius muscles. However, 
the authors found their results lower compared to previous finding, what they linked to the 
light resistance and slow speeds of movement during their study (Hintermeister et al., 1998). 
However, in shoulder instability there seems to be a major discrepancy between the outcome 
of an exercise program after traumatic or atraumatic shoulder instability. Only 16% of all 
patients with any type of traumatic shoulder instability could score good or excellent results 
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after an exercise program. On the other hand, 83% of the patients with atraumatic instability 
showed a good or excellent outcome of the exercise program (Burkhead, & Rockwood, 1992). 
Similarly good results from the same exercise program as presented by Burkhead and 
Rockwood (1992) could be found in patients with multidirectional shoulder instability, when 
using an additional orthosis to prevent a decrease in scapular inclination (Ide, Maeda, 
Yamaga, Morisawa, & Takagi, 2003). 
3.2. Climbing Research 
Climbing is a certain way of locomotion, which has ever since been used to overcome steep 
terrain and ascend high objects, such as rocks or trees, in order to stay on a desired path, reach 
for food or to escape possible danger, to name just a few reasons why this type of locomotion 
is of such importance for humans. From these original applications, over the last centuries, 
climbing has evolved to become more than just a type of locomotion – it has evolved to a 
whole athletic discipline, with a steadily rising number of athletes (Rooks, 1997; Sheel, 2004; 
Watts, 2004; Küpper, 2005; Giles et al., 2006; Breivik, 2010; Schöll & Hefti, 2010; España-
Romero et al., 2012; Schöffl, 2012; Schweizer, 2012). 
Historically spoken, climbing has always been closely related to mountaineering with a desire 
to climb the highest mountains including several unsuccessful attempts in the early 1920s 
(Hughes, 2012). The more people got involved in ascending natural obstacles in general, the 
more professional the movement got and in August 1932 the International Climbing and 
Mountaineering Federation (Union Internationale des Association d’Alpinisme, UIAA) was 
founded in Chamonix, France out of 20 already existing independent mountaineering 
associations, who at the time attended the third international congress of alpinism. Amongst 
others, aims of the federation included safety issues, education and protection of the 
environment. After World War II, in the late 1950s and early 1960s the UIAA developed first 
safety standards and started the systematic testing of climbing ropes. Later that decade the 
UIAA safety label for mountaineering equipment was created and approved internationally. A 
logo was designed in order to mark equipment tested under UIAA standards. In the following 
ten to twenty years further standards were developed for the testing of carabiners, helmets and 
harnesses (UIAA, 2017a). Also in the 60s of the 20th century, the federation stood up against 
projects, such as the construction of cable cars and railroads to the top of famous mountains. 
Since the foundation of the federation, another goal was to establish a universal grading 
system for rock climbing, which was finally reached by officially accepting the hitherto 
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known Welzenbach Scale as the “UIAA Scale” in 1967. At that time the scale comprised the 
grades I to VI followed by a plus (+) or minus (-) sign, which due to the continuous 
development of climbing had to be adapted multiple times throughout the years. In 1978, a 
seventh grade was added and in 1985 the scale was actually opened upwards and today 
comprises grades up to about XI. However, it could be observed that the UIAA scale was not 
as accepted as planned due to some discrepancies and already in the early 80s a French scale 
appeared (UIAA, 2017b). Today a variety of climbing scales exists and all over the world 
different scales are more used than others. Although those scales can be put in relation to each 
other, a direct comparison between climbers is hard in terms of performance, but also in 
climbing research (Draper et al., 2015). 
In terms of climbing as a sport, records say that competitions were first organized in the late 
1940s in the USSR and until the 1980s were mainly for Soviet climbers. The first organized 
lead climbing competition was held in 1985 and attracted thousands of spectators right away. 
Hence, already in the late 1980s, mainly driven by the French Federation, Sport Climbing was 
officially recognized as a competitive sport by the UIAA and the first World Cup for Lead 
and Speed took place in 1989. Major climbing nations were mainly found in the European 
area, as well as in the United States of America and Japan, where several large events took 
place. Also around that time, it was decided that international events should exclusively take 
place on artificial walls, in order to provide more stable and fair conditions for all climbers. 
After the first World Championships and Youth World Championships taking place in the 
early 90s, in 1997 the International Council for Competition Climbing (ICC) was founded 
within the UIAA and between 1998 and 1999 Bouldering was officially added to 
competitions. In the following years, the sport grew continuously and in 2006 the UIAA 
decided to give up the governing of competitive climbing. Therefore, in 2007 the 
International Federation of Sport Climbing (IFSC) was founded by 57 national federations 
and within the first year of existence managed to get climbing provisionally recognized by the 
International Olympic Committee (IOC). The final acceptance was granted in 2010 and a year 
later, in 2011 the IOC put sport climbing on the short list of possible new events for the 2020 
Olympic Games. Along with four other sports, climbing was officially confirmed as a new 
sport at the Tokyo 2020 Olympic Games by the IOC in 2016 (IFSC, 2017). 
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Competitively spoken the IFSC today differentiates between three disciplines of climbing: 
“a) Lead: Climbs (‘Routes’) are climbed with the competitor clipping into protection 
points as they climb (on “Lead”). Progression along the line of the route 
determines a competitor's ranking.  
b) Bouldering: Short climbs (‘Boulders’) are attempted without ropes but with 
landing mats for protection. The number of boulders completed determines a 
competitor's ranking.  
c) Speed: Climbs are attempted with an in-situ rope (on “Top-Rope”). The time to 
complete the route determines a competitor's ranking.” 
(Hatch, 2017, p. 7) 
 
With the quickly rising number of artificial climbing gyms especially in urban areas within 
the last few decades and the low number of contra-indications climbing has become a popular 
sport and leisure activity throughout all social classes and interest groups (Küpper, 2005). 
Regardless of the type (discipline), the basic principle of climbing is the controlled and 
economic translation of the body (i.e. centre of mass, COM) along the climbing wall, by the 
use of hand- and footholds, following the phases: initial position, preparation of movement, 
execution of movement, stabilization. Special attention has to be put into hip, pelvic girdle 
and lumbar region, which are the origin of nearly all major movements and are particularly 
important for stabilization and correct executions in climbing due to their close proximity to 
the COM. The correct movement starts from a static or dynamic initial position, which 
prepares the climber to initiate an impulse out of the hip-pelvic-lumbar-region in order to 
initiate the movement and stabilize the body (preparation) while the gripping hand reaches for 
the next handhold (execution). Consequently, the body has to be stabilized in this new 
position and shortly afterwards the following movement can be initiated, which is stepping 
with one foot (Bernstädt & Kittel, 2008a). 
In case of insufficiencies in the hip-pelvic-lumbar-region, other areas would mistakenly have 
to stand in in order to compensate, which could sooner or later lead to additional complaints. 
Further important is a sufficient amount of strength of the shoulder girdle for stabilization and 
thus a correct posture of the whole spine. Therefore, it is especially important to focus on a 
correct movement execution from the beginning. In basic climbing there is an unwritten rule 
that says one should always have at least three fixed points (two hands plus one foot or one 
hand plus two feet) in order to keep a steady position. However, in more advanced climbing 
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this does not enable an economic motion, where the movement energy of one step can directly 
be transferred into the next step. An economic climbing motion can be realized through 
different aspects. One of them is that the execution of movement should follow a diagonal 
pattern, which means that a movement of the right hand is followed by a step of the left foot, 
further followed by the next movement of the contralateral hand – comparable to running/ 
walking. Another essential fact is the ability to carry most of the load on the legs and not on 
the arms, which is a common mistake especially if the climber does not feel secure enough. 
This is realized by a correct positioning of the COM in the line between the holding hand and 
the contralateral foot (the two points that will not move next) and as low and as close to the 
wall as possible. Unilateral loading would lead to a much higher effort for keeping a steady 
position. Furthermore, it can be distinguished between two basic climbing techniques – 
frontal or rotated/ twisted climbing. Frontal climbing is more or less the “normal” way of 
climbing, where the front side of the body faces the climbing wall and the basic principles 
apply as described above. In some cases, however, for example when the loaded foothold is 
nearly in a vertical line below the handhold of the gripping hand, it might be necessary to 
perform an internal rotation of the whole body and initiate the movement from a hanging 
position in order to be able to reach the next handhold. As long as foot- and handholds are 
close enough to each other that it is not necessary to actually perform a jumping motion, the 
movements should be executed in a controlled way so that the climber would be able to break 
the motion off at any time and return into a steady and safe position (Bernstädt & Kittel, 
2008a). 
3.2.1. Medical Aspects 
Although most sport climbers will suffer from any injury eventually (Rooks, 1997), climbing 
still offers a high potential to be a rather safe sport, if certain criteria are fulfilled (Küpper, 
2005). In general climbing does not really have any contra-indication, so there is no certain 
situation where climbing is principally advised against. Independent of factors, such as age, 
pregnancy, coronary diseases, hypertension, arrhythmia, diabetes, kidney failure or lung 
diseases, climbing can be practiced as long as the indications are well treated and considered 
in the training schedule (Küpper, 2005). In case of injuries, however, except of those resulting 
from a trauma, such as after a fall, most types are orthopaedic injuries of the upper 
extremities, where the by far most affected structures are the fingers, due to injuries and 
overuse syndromes, followed by the wrist and the shoulders. Lower extremity injuries mainly 
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affect the knee, due to commonly combined hyperflexed and rotated positions and the feet, 
due to extremely tight shoes climbers use in order to increase their force transmission at the 
foot-wall contact area (Peters, 2001; Rooks, 1997; Schöffl, 2012; Schöll & Hefti, 2010; 
Schweizer, 2012; Shea, Shea, & Meals, 1992). In some cases ankle sprains occur, when 
climbers jump down onto thick mats after topping out a bouldering problem (Peters, 2001). 
As the hands and, more precisely, the fingers are the main contact points between a climber 
and the climbing wall in order to hold onto the wall, those are clearly the structures most 
exposed to injuries. With an increasing difficulty, the size of available handholds decreases 
and it therefore gets more demanding for the climber to hold onto them properly. Grips, such 
as finger holes and different gripping techniques, especially the crimp grip position, lead to a 
very high stress to the flexor tendon pulleys, which can cause overuse injuries or even lead to 
them tearing apart. As this can therefore be a limiting factor also in terms of performance, a 
lot of research has been done to better understand the biomechanical principles of different 
gripping techniques and the mechanical influences on the exposed structures and about how 
to potentially decrease the risk of tearing (Niegl, Fuss, & Tan, 2006; Schöffl, Einwag, 
Strecker, Hennig, & Schöffl, 2007; Schöffl et al., 2009a; Schöffl et al., 2009b; Schweizer, 
2000; Schweizer, 2001; Schweizer & Hudek, 2011; Tan, Fuss, & Niegl, 2008; Vigouroux, 
Quaine, Labarre-Vila, & Moutet, 2006; Vigouroux, Quaine, Paclet, Colloud, & Moutet, 
2008). 
3.2.2. Climbing Ability, Anthropometry and Physiology 
An  early  study  of  the  anthropometrics  of  elite  competitive  climbers,  conducted  at  an 
international World Cup event, led Watts et al. (1993) to the result “that elite sport climbers 
are of small to moderate stature and exhibit very low % fat, moderate grip strength and high 
SMR [grip strength to body mass ratio, comment] when compared with other athletic groups. 
Values for the height‐weight ratio and sum of seven skinfolds in the female finalists were 
very near those of the male finalists, which may indicate that reduction of body mass and % 
fat are primary adaptations in these female athletes. Climbing ability was predictable from 
SMR and % fat, though the R2 was low.” (Watts, Martin, & Durtschi, 1993, p. 113) World 
class boulderers were found to have similar anthropometrics as sport climbers, but to have a 
higher percentage of body fat and a higher hand strength (Michailov, Mladenov, & Schöffl, 
2009). 
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In a study comprising 30 male subjects of non-climbers, elite and recreational climbers no 
significant advantages regarding anthropometry could be revealed for elite climbers compared 
to the other two groups. Nevertheless, elite climbers performed significantly better in tests 
such as bent-arm hang and pull-ups and showed significantly higher leg-span and reached 
higher strength values in general (Grant, Hynes, Whittaker, Aitchison, 1996). A few years 
later the study was re-conducted with the three groups of comparable females. There, no 
significant differences in any of the above-mentioned parameters, except for strength could be 
found for elite climbers (Grant et al., 2001). 
In a large group of youth competitive climbers compared to a control group of similarly aged 
non-climbers, Watts et al. (2003) found out that young climbers were significantly smaller, 
weighed less and showed a higher ape index than non-climbers. Furthermore, skinfold 
measurements resulted in significantly lower values for climbers (Watts, Joubert, Lish, Mast, 
& Wilkins, 2003). 
As Mermier et al. (2000) concluded that climbing ability does not necessarily have to do with 
anthropometrics, rather than trainable parameter (Mermier, Janot, Parker, & Swan, 2000), 
climbers’ finger strength and muscle endurance were found to significantly correlate to 
climbing ability (Ozimek, Staszkiewicz, Rokowski, & Stanula, 2016) and advanced climbers 
performed better in intermittent finger hangs, whereas rock climbers of different levels did not 
show significant differences in other balance parameters except limits of stability (Aksit, & 
Cirik, 2017). 
Like the anthropometry, also the physiology of sport and rock climbing has been intensively 
studied since the mid-1990s, as climbing became more of a competitive sport (Giles et al., 
2006; Morrison, & Schöffl, 2007; Sheel, 2004; Watts, 2004). Climbing has been found to lead 
to much lower levels of oxygen consumption as for example treadmill running (Billat, Palleja, 
Charlaix, Rizzardo, & Janel, 1995) and cycling (Sheel, Seddon, Knight, & McKenzie, 2003) 
and to be performed in the aerobic and anaerobic alactic systems (de Moraes Bertuzzi, 
Franchini, Kokubun, & Kiss, 2007). Interestingly, energy expenditure and physiological 
responses reportedly increased with increasing difficulty of the climbing route in some studies 
(Mermier, Robergs, McMinn, & Heyward, 1997; Sheel et al., 2003), but did not in others (de 
Moraes Bertuzzi et al., 2007). However, climbing ability does have a positive effect on the 
physiological response in climbing (de Moraes Bertuzzi et al., 2007; Fryer et al., 2012). 
Furthermore, experience in terms of multiple climbing of the same route has been shown to 
influence energy expenditure. When climbing the same route multiple times, at first a 
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decrease in energy expenditure during climbing comes along with an increase at recovery, 
leading to an overall increase. However, after nine ascents, this changes and the level 
decreases to a value lower than before the first ascent (España-Romero et al., 2012). 
An increasing climbing route angle (inclination) has led to a significant increase in heart rate 
and VO2 and of blood lactate, once a vertical angle was reached (Watts & Drobish, 1998). 
Comparable results were evaluated when vertical, overhang and horizontal climbing were 
compared in terms of oxygen uptake, whereas traverse (horizontal) climbing was 
physiologically less demanding (de Geus, O’Driscoll, & Meeusen, 2006). Physiological 
response can even be influenced by climbing style and environment. Elite rock climbers used 
to indoor climbing seem to have a higher energy expenditure when they climb outdoors, 
which was suggested to be a potentially useable training method in elite climbing (Booth, 
Marino, Hill, & Gwinn, 1999). Draper et al. (2010) found out that climbers reach a higher 
blood lactate concentration and heart rate during lead climbing compared to top rope climbing 
(Draper, Jones, Fryer, Hodgson, & Blackwell, 2010). 
Recovery between climbs can play a major role not only, but especially in competitive 
climbing. Watts and colleagues (2000) therefore investigated whether climbers should rather 
prefer active over passive recovery between climbs and concluded that active recovery 
comprising recumbent cycling at a low wattage leads to a significant decrease of blood lactate 
within 20 minutes after the climb compared to passive recovery (Watts, Daggett, Gallagher, & 
Wilkins, 2000). 
3.2.3. Strength and Force Measurements  
As climbing can be a very demanding sport in terms of muscular strength, special interest has 
been expressed in the investigation of this aspect of performance of climbers in contrast to 
other groups of subjects. More precisely, research has been especially interested in this topic 
regarding the strength of arms and finger muscles, as those parts of the body can be seen as 
the most important link between the climber and the climbing wall. 
Cutts and Bollen (1993) compared a group of 13 climbing experienced male subjects with a 
control group of twelve male subjects with no climbing experience, but with different levels 
of participation in other sports. All subjects had to perform strength tests with a MIE medical 
instruments pinch/grip meter in order to obtain maximum grip strength (five seconds of 
maximal grip), maximum pinch strength (five seconds of maximal pinch), whole hand 
endurance (80 ± 5 % of maximal grip for as long as possible) and pinch endurance (50 ± 5 % 
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of maximal pinch for as long as possible). For both the dominant and non-dominant hand 
climbers reached significantly higher values of maximal grip (right: 507 ± 17 N, left: 532 ± 
85 N) and pinch strength (right: 143 ± 20 N, left: 135 ± 16 N) than non-climbers (whole hand: 
right: 445 ± 59 N, left: 412 ± 74 N; pinch: right: 101 ± 17 N, left: 107 ± 24 N). In terms of 
endurance, calculated as the integrals of the force-time curve for each test, a significantly 
higher value could be found for climbers in their non-dominant hand during whole hand grip 
endurance, compared to non-climbers, but there was no significance for the dominant hand 
(although the mean endurance was higher in this group). Regarding the pinch endurance, 
according to the authors a very climbing specific type of gripping, significant differences 
were found for both hands, with climbers performing significantly better than non-climbers 
(Cutts & Bollen, 1993). 
Similar results were also observed comparing two groups of male climbers (elite and 
recreational) with each other and with a group of male non-climbers. Maximal grip and pincer 
strength were significantly higher in elite climbers than in both other groups, whereas in 
regards to grip strength the significance did only apply to the left hand. Maximal grip strength 
for elite climbers was found between 532 ± 23 N and 526 ± 21 N, whereas the other two 
groups reached values between 440 ± 21 N and 478 ± 23 N. Furthermore, the authors in this 
study investigated the finger strength during two different gripping techniques (open grip = 
whole distal part of fingers and crimp grip = only the fingertips) by using a self-designed, 
strain gauge based device, where the strength of either four or two fingers of each hand was 
tested. Elite climbers reached significantly higher scores than non-climbers for the first grip, 
but not for the second grip, although the scores were still higher. No significance could be 
found between elite and recreational climbers in either grip, although elite climbers had 
higher values throughout all finger strength measurements than the other two groups (Grant et 
al., 1996). These measurements were repeated by Grant et al. (2001) with similar groups of 
female subjects, whereas finger strength was only tested for the first grip, since the second 
one did not lead to significant differences in their first study. Results differed from what has 
been observed for male subjects before (Cutts & Bollen, 1993; Grant et al., 1996). No 
significant difference in pincer strength could be observed between any of the groups, 
whereas recreational climbers did actually score the highest mean values in this test. Elite 
climbers, however, did score significantly higher in terms of four-finger strength compared to 
both other groups and two-finger strength of the right hand (dominant for all elite climbers) 
compared to the non-climbers. In addition, the elite group performed significantly better than 
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the recreational group in the grip strength measurements with the right hand (elite: 338 ± 
12 N, recreational: 289 ± 10 N, non: 307 ± 11 N), whereas the difference was not significant 
to the non-climbers group and no significant difference at all was found for the left hand 
(Grant et al., 2001). 
Watts and Jensen (2003) in their study measured a total four-finger force during a finger curl 
motion of about 27 kg per hand, while the hand and fingers were placed like during an open 
grip with the forearm in vertical position (Watts & Jensen, 2003). In a comparable study 
around the same time Quaine, Vigouroux and Martin (2003b) recorded much lower forces 
(approximately 60 N) for all grip positions they investigated, a reason for which could be a 
horizontal forearm position. They further evaluated that the index and middle finger applied 
the highest forces (significantly higher than the other two fingers) during the given task 
(Quaine, Vigouroux, & Martin, 2003b). They further used the same apparatus and combined 
it with EMG measurements to evaluate finger flexor fatigue in untrained subjects compared to 
climbers. 
Subjects were instructed to perform consecutive finger flexion contractions at 80% of their 
individual maximum (evaluated beforehand) and do so as quickly as possible for five seconds. 
This was repeated until the force level dropped by 10%. First of all, climbers performed 
significantly better in the maximum voluntary force measurements. Both in terms of the time 
to fatigue, calculated via the number of contractions within the given level of force, and in 
terms of the EMG measurements the untrained subjects fatigued significantly faster than the 
climbers (Quaine, Vigouroux, & Martin, 2003a). The same results were obtained in a follow-
up study, where the subjects did not stop the task after falling below a certain force level, but 
had to perform a given number of repetitions of 36 (Vigouroux & Quaine, 2006). Further, the 
authors concluded in another study that both fingertip force and fatigue was not dependent on 
the type of grip position (i.e. crimp or slope) (Quaine & Vigouroux, 2004). 
Fuss and colleagues (2004a) developed a special pinch grip dynamometer based on four 
piezoelectric force sensors and a two-piece climbing hold. Pinch grip forces were recorded 
during climbing of four different boulder routes that were climbed by seven climbers and 
normalized to climbers body weight (BW). Angle of resultant finger forces and horizontal 
finger and thumb forces increased significantly with increasing wall inclination (5° and 30°), 
whereas the finger forces (5°: 0.275 ± 0.047 BW; 30°: 0.395 ± 0.038 BW) were found to 
increase more than the thumb forces (5°: 0.067 ± 0.012BW; 30°: 0.077 ± 0.016 BW). In 
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general, the forces applied by the thumb were about a fifth to a quarter of the finger force 
(Fuss, Niegl, Yap, & Tan, 2004a). 
In terms of force control and time until fatigue, previous results were again consolidated by 
the findings of Limonta and colleagues (2008). Climbers were found significantly stronger 
than non-climbers, were able to sustain an 80 ± 5 % force level longer and had a significantly 
lower variation coefficient (Limonta, Cè, Veicsteinas, & Esposito, 2008). Also in another 
study in all evaluated parameters (maximum force, EMG, mechanomyogram) climbers 
performed significantly better than non-climbers (Esposito et al., 2009). 
Watts et al. (2008b) evaluated the influence of repeated maximum duration hangs on the 
finger force of climbers. Although a decrease in finger force between before and after 
repeated hangs could be seen, the difference was not significant (Watts et al., 2008b). 
Significantly better results were found for climbers in time to task failure for intermittent 
force endurance and for the time-force integral of continuous and intermittent force endurance 
during finger flexor strength tests. Furthermore, in this study the authors investigated the 
muscle oxygenation of the finger flexors, whereas climbers showed a significantly faster re-
oxygenation than non-climbers during intermittent tests (Philippe, Wegst, Müller, Raschner, 
& Burtscher, 2012). 
A rather big study with 205 participants (climbers of different levels of experience and 
ability) was published by Baláš and colleagues in 2012. All subjects had to perform grip 
strength tests, bent-arm hangs and finger hangs, which were then ranked with climbing ability 
and experience. Grip strength of male climbers were found between 0.57 ± 0.10 BW for low 
level climbers and 0.79 ± 0.07 BW for high level climbers. The according values for female 
climbers reached from 0.45 ± 0.07 BW to 0.72 ± 0.07 BW. Amongst others, direct 
correlations (multiple linear regression) were found between climbing ability (performance) 
and grip strength, bent-arm hangs and finger hangs (i.e. hang duration until failure) (Baláš, 
Pecha, Martin, & Cochrane, 2012). However, climbing ability was not found to influence the 
mechanical load on the fingers during hanging with different grip positions (Morenas Martín, 
Del Campo, Leyton Román, Gómez-Valadés Horrillo, & Gómez Navarrete, 2013). Balaghi, 
Sarshin and Bahari (2014) actually presented the development of a hand grip strength test 
device, specifically made to investigate the correlation between strength and climbers ability. 
A preliminary test revealed a coefficient of correlation of 0.803 (Balaghi, Sarshin, & Bahari, 
2014). 
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The investigation of maximum force and rate of force development between boulder and lead 
climbers (both competitive level) revealed significant differences between the two groups of 
climbers. Both in open-crimp and crimp grip position boulder climbers scored significantly 
higher values in the tested parameters, especially in the rate of force development (Fanchini, 
Violette, Impellizzeri, & Maffiuletti, 2013). 
With just minor exceptions, in general vertical forces applied on a climbing hold increase 
with increasing hold depth. Also in lower hold depth, a significant differences between the 
type of grip (slope, half crimp, full crimp) could be found (Amca, Vigouroux, Aritan, & 
Berton, 2012a). Fuss and Niegl (2012b) evaluated the finger load distribution of 20 climbers 
while climbing an actual climbing route. For the close crimp the highest force was found to be 
applied by the index finger, followed by the middle finger, then the ring finger and finally the 
little finger. For the open crimp and slope it was similarly different. There, the highest force 
was applied by the middle finger, followed by the index finger, which was rather similar to 
the ring finger and with the lowest force again applied by the little finger. In terms of friction 
however, the sequences differed between all grips (closed crimp: index > ring > middle > 
little, open crimp: index > middle = ring > little, open handgrip: middle = index > ring > little) 
(Fuss & Niegl, 2012b). 
Another approach of investigating the functioning of the hands and fingers has been the 
investigation of the effect of increasing handhold difficulty on the performance of the 
climbers. Bourne, Halaki, Vanwanseele and Clarke (2011) used a rock edge with variable 
depth (randomized order) and a force platform to measure the influence of hold depth on the 
lifting forces of experienced climbers during single-handed voluntary maximal effort lifts. As 
they expected, the lifting forces decreased significantly with decreasing hold depth. Their 
results showed a range of lifting force of about 100-400 N, which equalled 2-6.5 times BW 
(Bourne, Halaki, Vanwanseele, & Clarke, 2011). Similar results could be observed by Amca 
and colleagues with handhold depths between one and four centimetre. Other than in the 
previously reviewed study the force measurement system in this study was included in the 
installation of the handhold setup (Amca et al., 2012a). Fuss and others (2013a; 2013b) used a 
self-developed smart climbing hold and increased grip difficulty by decreasing the depth of 
the hold in steps of ten millimetres. In contrast to the other studies, in these studies the slope 
grip was investigated. The instrumented hold was directly integrated in two different climbing 
routes, which were climbed three times per hold depth by two experienced climbers in a 
randomized sequence. Their main findings revealed a decrease in contact time when hold 
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depth decreased and that the horizontal force component actually became negative, which 
indicates a pushing movement rather than a pulling movement of the hand and, according to 
the authors, differentiates a static from a dynamic climbing move. Furthermore they reported 
a decrease in the coefficient of friction (COF), when the grip difficulty increased (Fuss, Burr, 
Weizman, & Niegl, 2013a; Fuss, Weizman, Burr, & Niegl, 2013b). 
Friction in general has been of interest for several researchers, as this can be seen as a crucial 
parameter for climbing both between the hands and the handholds, but also between the feet 
and the footholds (Fuss & Niegl, 2012a). In terms of the friction between the hands and the 
holds, especially the effect of magnesium carbonate, commonly used by climbers of all levels 
to remain dry hands and therefore supposedly increase the friction between them and the 
climbing surface, has been investigated. However, conflicting results have been presented by 
researchers over the years. The first to study this topic specifically in rock climbing were Li, 
Margetts and Fowler in 2001. They measured the normal force acted out by the hands of their 
subjects, which were prepared under four conditions (dry, dry + chalk, wet, wet + chalk), in 
order to prevent a carriage from sliding out under their hands, which was pulled with a force 
of 29 N. The carriage was furthermore equipped with three different types of surfaces 
(sandstone, granite, slate). Contrary to all expectations, their results revealed a significant 
decrease of the COF under the use of chalk and the authors therefore conclude by attributing 
chalk mainly a psychological support in climbing (Li, Margetts, & Fowler, 2001). Nearly all 
other studies since then have led to different results, more in favour of what had been 
expected by climbers. A comparable study was performed by Fuss, Niegl and Tan (2004b), 
whereas in their study both, the normal and the tangential force were acted out actively by the 
hands of the subjects. Their main findings included that powder chalk significantly increased 
the COF between the hands and an artificial climbing hold compared to dry hands, whereas 
the difference between dry and wet hands for the artificial hold was not significant. 
Furthermore, they found powder chalk to be more effective than liquid chalk, whereas on a 
messy surface (e.g. after several climbers have already climbed a route with chalked hands) 
the use of powder chalk even reduces the friction (Fuss, Niegl, & Tan, 2004b). 
Even more applicable to climbing, Amca and colleagues (2012b) compared the ability of 
eleven climbers to keep hanging on a continually inclining hang board with and without 
chalked hands. Contrary to the other studies, who used force sensors to measure normal and 
tangential force, they calculated the COF at the angle of slippage via the bodyweight of the 
climber. For both types of rock they investigated (limestone and sandstone), they found 
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significant differences between the conditions with and without chalk, with a higher COF 
when using chalk (Amca, Vigouroux, Aritan, & Berton, 2012b). 
Kilgas and others actually included climbing on an easy boulder in their study. However, they 
could not find any significant differences in terms of geometric entropy, forearm EMG and 
the forces during a static hang between with and without chalk. Nevertheless, climbers could 
perform significantly better during static hangs, regarding hang time, with the use of chalk 
(Kilgas, Drum, Jensen, Phillips, & Watts, 2016). 
Instrumented Climbing Holds 
Russel, Zirker and Blemker (2010) and Amca and Smith (2017) simply used three-
dimensional force plates, which they installed as some kind of climbing wall panel on which 
they then mounted climbing holds or campus rungs, respectively. In the studies by Quaine, 
Martin and Blanchi (1997a; 1997b), Testa, Martin and Debû (1999), Quaine and Martin 
(1999) and Noé (2006) the researchers used a setup based on four climbing holds each 
instrumented with strain gauge based three-dimensional force transducers. However, the 
detailed setup is not further described in any of the studies. 
In Quaine et al. (1997a) subjects were supposed to release the right hand starting from an 
evenly distributed position without shifting their COM any more than necessary and to remain 
in the three-support phase for two seconds. In order to remain stable the vertical force 
component at the contralateral hand and foot increased. In the horizontal components the 
force of the contralateral foot increased, whereas the contralateral force at the hand decreased, 
indicating a pushing-pulling equilibrium in order to keep a stable COM. Rather similar results 
were obtained when releasing the right foot instead of the right hand (Quaine et al., 1997b). 
Similar results were also presented by Quaine and Martin (1999). Again in 1999 Testa, Martin 
and Debû measured the forces while the subjects had to lift a foot and actually take a step up 
onto another foothold, where the footholds differed in ridge depth and inter-hold distance, 
whereas the handholds were kept constant. The study confirmed previous findings and 
additionally revealed that the horizontal forces depend on the distance between the footholds 
and the type of hold, by showing increasing variability with increasing difficulty of the task. 
The vertical components, however, were not influenced much (Testa et al., 1999). Noé (2006) 
investigated the effect of wall inclination on the postural adjustments when one foothold is 
released while remaining a stable posture. He revealed that the vertical force was more evenly 
distributed under the inclined condition, as the force on the ipsilateral hand cannot be 
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decreased as much in an overhanging position. It was concluded that in a vertical posture the 
climber uses an anticipatory postural adjustment, which cannot be done in the overhanging 
posture (Noé, 2006). 
An interesting study could be found, where a force measuring system for climbing of large 
primates was developed. A pole was built of two connected beams and divided into three 
sections, under the middle of which two three-dimensional Kistler force sensors were 
installed (Schoonaert, D’Août, & Aerts, 2006). 
Braghin et al. (2012) installed mono-axial load cells behind a climbing wall panel between the 
backside of the wall panel and the hexagonal nuts with which the climbing holds of a speed 
climbing wall were fixed to the wall. Therefore, the load cells were not visible from the front 
side and could not distract the climbers in any way. A total of six holds were instrumented as 
described and their results concluded that better climbers used a higher preload pull at the 
start of the route and pushed harder with their legs. In addition, the more experienced the 
climbers were, the shorter was the handhold contact time (Braghin, Cheli, Maldifassi, 
Sabbioni, & Sbrosi, 2012). 
The probably most sophisticated approach of an instrumented climbing hold has been 
developed by Professor Fuss and colleagues and has been used in several scientific studies so 
far (Balasekaran, Fuss & Niegl, 2008; Fuss et al., 2004a; Fuss, 2006; Fuss & Niegl, 2006a; 
Fuss & Niegl, 2006b; Fuss, 2008; Fuss & Niegl, 2008a; Fuss & Niegl, 2008b; Fuss & Niegl, 
2008c; Fuss & Niegl, 2010; Fuss & Niegl, 2012b; Fuss et al., 2013a; Fuss et al., 2013b; Tan et 
al., 2008; Yap & Fuss, 2003). 
For example, the setup has already been used in various ways to investigate the dynamics of 
sport and speed climbing (Fuss & Niegl, 2006a; Yap & Fuss, 2003), pinch grip forces (Fuss et 
al., 2004a), the physiological response (Balasekaran et al., 2008), two-handed dynos (Fuss & 
Niegl, 2010), the finger load distribution (Fuss & Niegl, 2012b), the coefficient of friction of 
a climbing hold (Fuss et al., 2013a) and the grip difficulty (Fuss & Niegl, 2008b; Fuss et al., 
2013b). Basically, the centrepiece of the system are two (or more) three-dimensional Kistler 
force sensors fixed to the backside of a climbing hold and a frame construction that is then 
fixed to the climbing wall so that the force applied to the hold is directly transferred only to 
the force sensors (not to the wall or any other structure). With this setup, it is possible to 
evaluate the contact time, resulting force, the force impulse and the ratio of tangential to 
normal force. Furthermore, through the alignment of the two sensors within one plane of the 
coordinate system, the known dimensions of the force sensors and the inter-sensor distance, 
44 
the centre of pressure within this plane can be calculated via the force and moment 
equilibriums. 
3.2.4. Electromyography in Climbing 
The investigation of muscle activation during climbing has not only been of interest for 
researchers, since the development of climbing to become a popular and competitive sport in 
nowadays society. Due to controversial findings on the role of quadrupedal vertical climbing 
on the evolution of hominoid bipedalism (also see Chapter 1) EMG measurements were found 
to possibly deliver more clearness in this matter. Therefore, Hurov (1982) studied the function 
of superficial back muscles of human children during vertical climbing on a cargo net and 
isolated, climbing-specific movements, such as vertical and lateral reaching, bimanual 
suspension and hoisting. Three parts of the trapezius, three parts of the latissimus dorsi and 
the caudal part of the erector spinae muscles of the left body side of three children (2 boys, 1 
girl, 10.26 ± 0.99 years old) were investigated. In overhead reaching the cranial part of the 
trapezius muscle is highly active throughout the movement, whereas the transversal part is 
only highly active between 45° and 180°, as is the caudal part of the trapezius. The caudal 
part, however, is also moderately activated in the early phase of the movement. Only the 
transversal part of the latissimus dorsi muscle shows any activation in this movement, most of 
which between 45° and 180° as well, whereas the erector spinae muscle is always slightly 
active. Bimanual suspension is mainly achieved through a high activation of the caudal part of 
the trapezius muscle and moderate or slight activation, respectively, of the transversal and 
oblique parts of the latissimus dorsi muscle. During vertical hoisting muscle activation is in 
general higher than in the so far described movements. In the initiation phase all muscles 
showed at least moderate activation. Activation of the caudal part of the trapezius muscle 
ended after initiation of the movement, whereas parts of the latissimus dorsi muscle ended 
their activation later in the movement. Freestyle climbing could be broken into a preparatory 
phase, which was comparable to bimanual overhead reaching, followed by bimanual 
suspension, and a propulsive phase, describable through bimanual hoisting, except that the 
caudal part of the trapezius in the late phase of freestyle climbing showed moderate activity. It 
is discussed that the measured activations can mainly be explained with the muscles’ 
functions as scapula and overall trunk stabilizers in the certain movements investigated 
(Hurov, 1982). 
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Until more recently only a few studies on trunk and shoulder stabilizing muscles in climbing 
in general have been published. Further studies on this matter, however, more specifically 
about EMG measurements in therapeutic climbing, will be reviewed in the following chapter. 
Baláš et al. (2017) compared the muscle activity of shoulder muscles between naturally 
chosen, but commonly referred to as wrong positions during climbing with corrected 
positions in regards to the shoulder. What they found out was that the naturally chosen 
postures in total lead to a lower activation of the middle and lower parts of the trapezius 
muscle and of the sternocleidomastoid. Hence, they conclude that climbers tend to use 
positions in which the activation of scapula stabilizing muscles is rather low. However, the 
controlled correction of the investigated positions could provide suitable therapy exercises for 
those muscle groups (Baláš et al., 2017). Ginszt et al. (2017) on the other hand compared elite 
climbers and amateur climbers regarding muscle fatigue of the erector spinae and rectus 
abdominis muscles during an isometric basic plank position, which subjects had to hold for 60 
seconds. Their results revealed a significantly lower effect of fatigue in elite climbers 
compared to amateurs (Ginszt et al., 2017). 
However, as the arms and especially the fingers as the most distal part of the human hand are 
the main link between the climber and the climbing wall, most studies that could be identified 
using EMG measurements in a climbing specific research environment investigate the muscle 
activation of arm and finger muscles. On the one hand those studies dealt with the 
investigation of arm muscle activation in isolated, but climbing specific movements, such as 
pull-ups (Koukoubis, Cooper, Glisson, Seaber, & Feagin, 1995), a rock-on move (Jensen, 
Watts, Lawrence, Moss, & Wagonsomer, 2005) or hangs (Watts et al., 2008b) in terms of 
EMG amplitude and muscle fatigue, respectively. Also certain interest has been shown in the 
influence of different gripping techniques (Quaine & Vigouroux, 2004) and, more recently, in 
the effect of magnesium carbonate (Kilgas et al., 2016) on the activation of selected forearm 
muscles. On the other hand, the comparison between different groups of climbers and non-
climbers in terms of finger flexor muscle function was evaluated (Esposito et al., 2009; 
Vigouroux & Quaine, 2006; Quaine et al., 2003a). Many of those studies were and still are 
carried out on specially designed hand grip dynamometers under lab conditions, why Watts et 
al. (2008a) compared different hand configurations during climbing with dynamometry 
measurements and concluded that all investigated climbing grips lead to significantly higher 
EMG values than dynamometry (Watts et al., 2008a). 
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3.3. Therapeutic Climbing 
Just like (sports) climbing therapeutic climbing was brought into being mainly by the interests 
of individual people and their attempt to combine their hobby with their profession. 
Therefore, it was just a matter of time until the sport got taken up by therapists and other 
social professions to be specifically used in a therapeutic way. 
Climbing in general has shown positive effects in both physical and psychological matters 
(Küpper, 2005; Bernstädt & Kittel, 2008a; Kowald & Zajetz, 2015a; Zajetz, 2015), which 
therapeutic climbing picks up by basically using aspects of common climbing within a highly 
controlled environment by creating restrictions and safety systems totally focused on the 
patients’ needs (Bernstädt & Kittel, 2008a). Due to its still high diversity regarding difficulty 
through flexible steepness, height and route setting options, climbing can be fitted to any 
conceivable situation and demand, which evokes a certain feeling of trust and safety 
(Bernstädt & Kittel, 2008c; Zajetz, 2015). 
Other than conventional rehabilitation exercises after musculoskeletal injuries, which in the 
beginning of the therapy focus solely on the injured regions, therapeutic exercises on a 
climbing wall provide a whole body training with a main emphasis on the injured structures. 
It is not possible to perform a climbing motion without a complex interaction of several 
muscles – agonists and antagonists. This underlies the principle that not only certain 
structures are trained, but rather whole movement sequences including all essential muscle 
groups. However, due to the design and arrangement of the exercises it is still possible to 
focus on certain areas, without neglecting the performance of uninjured parts (Bernstädt & 
Kittel, 2008c). Furthermore, the high adaptability of this therapy makes it possible to set 
different stimuli and to create a complex therapy program with different intensities, 
depending on the given indication. Thus, it is not only possible to gain maximal strength, but 
also, for example, strength endurance and flexibility (Bernstädt & Kittel, 2008b). 
Kowald and Zajetz (2015b) name physical, emotional, cognitive and social factors 
responsible for the effects of therapeutic climbing for the use of therapeutic climbing for 
psychological indications or in education. Physical factors, of course, are somewhat similar to 
the ones presented for musculoskeletal exercises. Therapeutic climbing helps developing 
coordinative skills and the ability to differentiate between fine movement phases, increases 
the sense of balance and flexibility and helps to create a certain rhythm and better reactivity in 
complex movements (Kowald & Zajetz, 2015b). When working with children and adolescents 
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climbing acts within a special level of emotions, in which the therapist can even evoke a 
certain feeling of mother- or father-hood and thus a sense of security (Hofferer and Royer, 
2000). In general, the experiential content of climbing (emotional, cognitive and social) is a 
main mode of action of therapeutic climbing, supporting awareness and consciousness. In 
climbing, one constantly has to face different problems for which it is necessary to find 
potential solutions. With the help of the therapist, it is possible to find coping strategies, 
which can also be applied in day-to-day life, by persistently pushing boundaries and raising 
the level of concentration and focus of different situations. Especially in psychosocial 
applications, the therapists are accorded an important role, in which they can encourage the 
therapy on a certain relationship level. On the one hand, in individual therapy the therapist 
becomes a person of reference, whereas on the other hand social skills can be supported in 
group therapy as well (Kowald & Zajetz, 2015b). 
In all fields of application, safety and secureness play a major role, which can be obtained 
through different ways. First of all, it is important to choose the right environment – a public 
climbing gym or private therapy room. Also, the type of climbing wall has a big influence on 
the therapy. Although it is possible to give therapy outdoors on real rock, it is more likely to 
be done on artificial climbing walls, whereas a whole range of walls are at choice. On high 
climbing walls, of course, it is necessary to use a rope and belay device and it is hard to give 
therapy when the patient/ client is somewhat far up the wall. However, this type of climbing 
can have a positive effect when coping with anxiety and does provide potential for endurance 
training. On the other hand lower walls are easier to use in therapy, as the therapist does not 
need to belay the climbing person with a rope and can better focus on the treatment. However, 
so-called “spotting” can increase security for the climbing person. In that case, the therapist 
stands close behind the patient (with or without direct contact) and as such conveys safety. In 
some applications, it can even be useful that the therapist actually climbs behind the patient, 
representing something like a safety cage. Such lower walls can either be usual boulder walls, 
which can be found in many climbing gyms, but also rather simple wooden panels with a 
specific setup of hand- and footholds can be used. The used wall should either provide 
different fixed inclinations or be mounted on a mechanism to adjust the inclination to adapt 
the difficulty when necessary. In terms of hand- and footholds shape, size and colour are the 
main characteristics to consider. Other than in sports climbing, where small holds are used to 
increase difficulty, but at the same time increase the risk of injuries of the hands and fingers, 
in therapeutic climbing rather easy and big holds that are more ergonomically moulded come 
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to use. In this case of application, hand- and footholds should not become a limiting factor 
between succeeding or fail to perform the given exercises. Difficulty is preferably adapted 
through the position of the holds, the rotation and therefore direction in which the hold is 
grabbed. The use of differently coloured holds can make routes easier to be differentiated or 
sequences clearly visible for the patients (Bernstädt & Kittel, 2008a). 
All of the presented aspects allow therapeutic climbing to be applied in a very wide field of 
indications with a great level of experience and potential for training, motivation and success. 
3.3.1. Scientific Research in Therapeutic Climbing 
In 2008 Lazik, Bernstädt, Kittel and Luther published a textbook that provides basic 
knowledge for people working or aiming to work in the field of therapeutic climbing in a 
rather unique way. It gives an overview of exemplary exercises for different indications and 
preconditions – orthopaedic, traumatic or neurological problems for both adults and children 
(Lazik, Bernstädt, Kittel, & Luther, 2008). 
Three similar articles published in specialist journals for physiotherapists by Kittel and 
colleagues could be identified, where they present climbing principles and the potential of 
climbing used in a therapeutic matter. They describe simple exercises and how to adapt those 
for specific indications, for example via different wall inclinations, rotation of the handholds 
or movement velocity (Kittel, Jockel, & Gruber, 2010; Kittel, Mühlbauer, & Granacher, 2013; 
Kittel & Brünjes, 2015). 
According to Grzybowski and Eils, who in 2011 published an article named “Therapeutic 
Climbing – Barely Explored but Widely Used”, not much scientific work on the effects of 
therapeutic climbing could be found. Via an extensive literature research at the time, they 
identified three relevant publications in scientific journals and six posters or abstracts of 
studies that were relevant according to their criteria. They concluded that there is a need for 
further research in this area in order to establish therapeutic climbing as a serious discipline 
(Grzybowski & Eils, 2011). 
Buechter and Fechtelpeter (2011) screened 2336 studies, of which only four were identified as 
full-text randomized control trials that met their inclusion criteria and were therefore further 
reviewed with the aim of summarizing the “best available evidence on effectiveness of 
therapeutic or sport climbing in preventing or treating health problems.” (Buechter & 
Fechtelpeter, 2011, p. 1/9) 
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The four selected studies differed much regarding indication – non-specific low back pain, 
geriatric patients, children with poor motor function and adults with multiple sclerosis – and 
control group – regular exercise, physiotherapy, wait-list, yoga. They conclude a low quality 
evidence for the effectiveness of therapeutic climbing, which did not allow them to argue 
either for or against the use of therapeutic climbing and leave the reader with 
recommendations for future studies, such as more detailed description of the treatment 
protocol (Buechter & Fechtelpeter, 2011). 
In 2015, Leichtfried published an interesting book chapter, which very thoroughly covers the 
potential use of climbing as a therapeutic intervention. He presents physiological as well 
psychological aspects and concludes the fields of application for therapeutic climbing to reach 
from improving motor activity, social aspects and one’s mind to an increase in sensory 
perception and overall health. However, he also admits that not much data is available, which 
would verify the use of therapeutic climbing (Leichtfried, 2015). 
Therefore, in the here presented literature review, also other studies were taken into account, 
that do not necessarily refer to the treatment as therapeutic climbing, but just use the term 
climbing or climbing specific training. Furthermore, the review was extended to university 
databases and diploma theses that deal with this topic. Due to the near proximity and the 
unsuccessful search for similar work from other countries in this case, exemplary, only theses 
that could be found at the library of the Medical University Vienna (Austria) are presented. 
Published work in the area of physiotherapy in general mostly deal with the effects of 
different forms of treatment compared to standardized control groups (untreated or differently 
treated). For therapeutic climbing, however, often only experience reports and single-case 
studies in the form of theses or articles in therapist/ medical journals exist. 
Orthopaedic Indications 
Already in 1999, Heitkamp, Mayer and Böhm published a study about the effectiveness of 
climbing specific training on back stabilising muscles. Although not yet referring to 
therapeutic climbing as it is known today, the study highlights the positive effect of climbing 
in general on the investigated muscle groups. Twenty-four subjects (12 male, 12 female) with 
different, occasionally appearing back problems, without a sign of scoliosis, inflammations or 
any indication for a surgical intervention took part in study and were subdivided into two 
even groups – one climbing group and one strength training group. Two subjects from the 
climbing group had to be withdrawn from the study, leaving this group with only ten subjects. 
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The climbing group performed 24 climbing lessons, each including a specific warm-up and 
the climbing of three routes with a difficulty between IV and V+, whereas the strength 
training group completed a 12-week standardized strengthening program (24 lessons) on 
isokinetic gym machines. Before and after both intervention programs subjects had to perform 
isometric maximal strength and mobility tests. Both groups improved significantly in most 
tested parameters. Although overall strength showed similar results, the relative strength of 
trunk rotators and lateral flexion did only improve significantly in the climbing. Therefore, 
the authors concluded that climbing leads to similarly positive effects as conventional 
strengthening, whereas climbing leads to better results in terms of muscular balance 
(Heitkamp, Mayer, & Böhm, 1999). 
Another early study, scientifically documenting the use of climbing in a therapeutic 
environment was published by Gaulrapp, Eckstein and Auracher (2000), who presented the 
possibilities of climbing therapy based on a case study of a bilateral fracture of the calcaneus 
(right calcaneus worse than left) as a result of a paragliding accident. Starting in the twelfth 
week post operation, when full weight-bearing was reached, climbing elements were included 
in the therapy due to their (according to the authors) positive effects in terms of activation of 
functional muscle chains (ventral and dorsal), diagonal stabilisation, active mobilisation, 
weight-bearing variability and strengthening, to name just a few of the mentioned advantages. 
All climbing exercises were performed for a period of 45 minutes per day for both feet. The 
treatment led to an increase in dorsal extension and plantar flexion of 5° for the right foot, an 
increase of 5° for eversion and inversion for both feet and an increased subjective load-
bearing capacity (Gaulrapp, Eckstein, & Auracher, 2000). 
In 2005, it was again Heitkamp together with colleagues who did a similar study with 
adolescents other than grown-ups, where 17 healthy adolescents took part in the climbing 
group and were compared to a control group of nine subjects with similar characteristics. The 
compliance was lower than during the study with grown-ups. Regarding the mobility, the 
degree of significance was higher in all investigated parameters for the climbing group than 
for the control group. Considering maximal strength and relative strength, the differences 
between climbing and control group were higher, with significantly better outcome for the 
climbing group. Therefore, climbing seems to be especially suitable for improving strength 
and mobility of the trunk in adolescents (Heitkamp, Wörner, & Horstmann, 2005). 
Another highly interesting study was published by Engbert and Weber (2011) who 
investigated a group of 28 patients (age: 18-65 years) with chronic low back pain of non-
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specific cause, treated within two different, randomly assigned, groups – one with therapeutic 
climbing, one with a standard set of physiotherapeutic exercises. Five patients were excluded 
from the study due to missed sessions, leaving ten patients in the therapeutic climbing group 
and 13 patients in the control group. Both treatments included four training sessions 
(approximately 45 min) per week over a period of four weeks. Patients completed different, 
standardized questionnaires about functionality regarding activities of daily living (FFbH-R) 
and pain (SF-36) before and after the treatment. Both groups improved insignificantly on the 
FFbH-R questionnaire regarding functionality, whereas both improved significantly on three 
subscales of the SF-36 (vitality, mental health and social functioning). Furthermore, the 
climbing group showed significant improvements in physical functioning and general health, 
whereas the control group significantly improved in role limitations. All other respective 
subscales improved for both groups without statistical significance (P < 0.05). As key 
findings it was concluded that “therapeutic climbing resulted in significantly greater 
improvements in two subscales: physical functioning and general health perception”, which 
“may be related to a stronger refocusing from pain to physical capabilities in therapeutic 
climbing” (Engbert & Weber, 2011, p. 6). 
The same year, in a more generalized study the effects of climbing on core strength and 
mobility was investigated on 28 young sedentary adults, who were divided into two groups – 
one intervention group, one control group – of similar anthropometric precondition. The 
intervention group accomplished a guided eight week climbing program of two sessions per 
week of which each session lasted one hour (i.e. warm-up, horizontal climbing, vertical 
climbing, stretching), whereas the control group did not perform any kind of training. Core 
strength, handgrip strength and trunk mobility were assessed pre-training, post-training and 
eight weeks after the intervention (follow-up). For the intervention group a significant 
increase in performance could be observed in all tested parameters comparing pre-training to 
post-training and pre-training to follow-up. In core strength and trunk mobility, a significant 
reduction from post-training to follow-up could be observed. However, the values were still 
higher than before the intervention program. No significant change could be observed in the 
control group. A clearly positive effect of climbing could therefore be concluded for all 
parameters regarding core strength, handgrip strength and trunk mobility (Muehlbauer, 
Stuerchler, & Granacher, 2012). 
By another group of researchers, an eight week controlled climbing training (ten sessions, 60 
minutes per session) was even found to lead to a significantly better score on a visual 
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analogue scale for pain and a reduction of disc protrusion in patients with chronic low pain 
compared to a control group of similar symptoms, treated with up to four times of 500 mg 
Paracetamol per day (Schinhan et al., 2012; Schinhan et al., 2016). 
Based on those repeatedly positive reports of climbing as a therapeutic intervention (e.g. pain 
reduction, strengthening, etc.) and the consistent recommendation to further develop climbing 
as a therapeutic discipline, since 2013 researchers have published several studies aiming to 
evaluate the effects of this therapy by the analysis of muscular activation. 
Mühlbauer et al. (2013) were the first to be found publishing their results regarding muscular 
activation of different therapeutic climbing exercises. Different from previous ones in this 
study isolated therapeutic climbing exercises were investigated, as opposed to climbing 
routes. Ten healthy subjects with climbing experience took part in the study, where they had 
to perform five different exercises (three for the shoulder girdle, two for the leg extensors) on 
a therapeutic climbing wall. During the performance of the exercises, muscle activation of 
eleven trunk and leg muscles was measured using sEMG. Data were rectified and smoothed 
before the iEMG was calculated and normalized to MVC measurements evaluated 
beforehand. An increase in difficulty of the exercise, as defined by the authors, led to a 
significant increase in mean muscle activations for the shoulder girdle exercises and a trend of 
increased muscle activation could be revealed for the investigated leg muscles for the 
according exercises (Mühlbauer, Granacher, Jockel, & Kittel, 2013). 
Also in 2013, the author of this thesis presented a study on sEMG measurements in order to 
evaluate a suspected cross-activation of dorsal muscles during unilateral stabilization in 
therapeutic climbing exercises. For that, the muscle activation of seven dorsal trunk and leg 
muscles of two male subjects was recorded bilaterally during a quasi-static therapeutic 
climbing exercise. Starting in a symmetric position facing the 15° inclined therapeutic 
climbing wall, the subjects were instructed to repeatedly loosen their left hand while 
remaining a stable position parallel to the climbing wall. Data were evaluated and intra-
subjective comparisons made between the two conditions – both hands on the wall and one 
hand off the wall. For both subjects a clear increase in cross activation could be observed 
when the left hand was lifted off the wall (Mally, Litzenberger, & Sabo, 2013). 
Another very interesting study was published by Grzybowski, Donath and Wagner (2014), 
investigating the relationship between muscle activation and wall inclination in static 
therapeutic climbing exercises aiming to find the maximal positive outcome. Thirteen healthy 
subjects took part in the study, performing static climbing exercises at three different 
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handhold set-ups and six wall inclination angles (0°, 4°, 8°, 12°, 15°, 18°). At each handhold 
set-up and wall inclination, the subjects had to hold three different positions (symmetric initial 
position, lifting a hand, lifting a foot) in a randomized order (always starting at 0° due to 
familiarization). The results showed that most of the muscles during all exercises increased 
significantly when the wall inclination was at least 12° compared to 0° inclination. Only some 
muscles did not differ significantly until an inclination of 18° or never changed significantly 
at all. The authors conclude that the use of inclinable therapeutic walls is recommended and 
that the muscle activation does not change significantly until 12° inclination. However, they 
suppose that the actually significant change occurs somewhere in-between 8° and 12° 
inclination angle, which they cannot proof based on their data (Grzybowski, Donath, & 
Wagner, 2014). A similar, but less detailed study on the effect of wall inclination on the 
activation of trunk muscles was performed by Park and colleagues in 2015. A static 
therapeutic climbing exercise had to be performed at 0°, 10° and 20° wall inclination. 
Consistent with the conclusions of Grzybowski et al. (2014) they found a significant increase 
of activation of most muscles with 10° wall inclination. However, they did not investigate 
smaller steps of inclination angles (Park, Kim, Kim, & Choi, 2015). 
Kim and Seo (2015) subdivided a pool of 30 subjects with history of lower back pain into two 
groups with similar anthropometrics – one therapeutic climbing group and one lumbar-
stability mat exercises group – and compared the outcome of a four weeks therapy regarding 
SF-36 scores and sEMG measurements of the lumbar muscles that were performed before and 
after the therapy. The mat exercises group had to perform three different bridging exercises, 
whereas the therapeutic climbing group was instructed to perform three different therapeutic 
climbing exercises – one shoulder stability pull-push-exercise, one exercise as described by 
Mally et al. (2013) and one squat-like climbing movement. Results showed a significant 
increase in SF-36 scores of both groups, however, with a bigger increase in the therapeutic 
climbing group. In terms of the sEMG the mat exercises group reached a higher increase in 
erector spinae activity, while in contrast the therapeutic climbing group had a higher 
activation increase in rectus abdominis, internal and external oblique muscle activation (Kim 
& Seo, 2015). 
The effects of a climbing therapy, compared to conventional physiotherapy, on gait function 
in children with cerebral palsy was studied by Böhm, Rammelmayr and Döderlein in 2015. 
Although, climbing led to improvements in walking speed, step length and step time (as did 
physiotherapy), the authors concluded a certain critical view on the use of climbing as a 
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therapy in this field. However, they propose further studies with different climbing protocols 
including exercises that focus more on the strengthening of knee extensor muscles (Böhm, 
Rammelmayr, & Döderlein, 2015). 
Most recently an Austrian research group has presented and published several parts of a 
bigger study in the here presented context of therapeutic climbing research. Ten climbing 
experienced (age 27 ± 2 years, body mass 73 ± 7 kg, height 178 ± 10 cm, climbing experience 
7 ± 3 years) and 14 climbing unexperienced (age 28.5 ± 8.1 years, body mass 80.7 ± 9.4 kg, 
height 181 ± 7 cm) healthy male subjects took part in their study. For the measurements all 
subjects had to perform a static therapeutic climbing exercise in four different arm positions – 
jug, undercling, sidepull with internal rotation and sidepull with external rotation – at two 
different wall inclinations (0° and 12° overhang). The feet were placed on the same 
predefined footholds throughout all measurements. The initial position of the exercise was an 
upright standing climbing position with both hands on the wall according to the randomly 
drawn arm position. After five seconds of static double-handed holding, the subjects had to 
release the left hand for five seconds (one-handed support, only the right hand on the wall) 
and maintain a stable position before returning to a double-handed support. Muscle activation 
of the biceps brachii, serratus anterior and all three parts of the trapezius muscle of the right 
shoulder was recorded during the exercise with a wireless sEMG system. Data was processed 
appropriately and mean activation of double-handed support and single-handed support phase 
was calculated and normalized to MVC values of all muscles, which were obtained 
beforehand. First of all, participants of both groups of subjects were not able to hold the 
sidepull position with external rotation single-handedly for five seconds and this position had 
therefore be dismissed from all further evaluation. In nearly all muscles, a significant increase 
in muscle activation could be found between single-handed and double-handed support for 
both wall inclinations. Only exemptions were the serratus anterior muscle for non-climbers 
during the undercling at 12° overhang and the same muscle and the middle trapezius for 
climbers during the sidepull with internal rotation at 0°. For non-climbers in most of the cases 
an increased inclination leads to a significant increase in muscle activation, while for climbers 
this is only the case in about half of all tested conditions. Nevertheless, for both investigated 
groups the authors conclude that the exercise has high potential in the use in early 
rehabilitation and that the variation of arm positioning and wall inclination provides 
appropriate tools to control the effectiveness of the exercise (Pühringer, Strutzenberger, Leitl, 
Holzner, & Schwameder, 2017a; Pühringer, Strutzenberger, Holzner & Schwameder, 2017b; 
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Strutzenberger, Pühringer, & Schwameder, 2017a; Strutzenberger, Leitl, Pühringer, & 
Schwameder, 2017b). 
Additionally, in terms of diploma theses, several works could be found at the library of the 
Medical University Vienna (Austria) and the former academy for physiotherapy in Vienna. 
There, Heidemarie Neumann, in 2004, was the first to write about the momentary situation of 
therapeutic climbing in Austria. She held interviews with practising therapists, investigated on 
different approaches and identified about 25 institutions where therapeutic climbing has 
actively been used within therapy by that time (Neumann, 2004). A year later Maruna came 
up with a concept of treating a lumbar spinal disc herniation with therapeutic climbing. Based 
on a model by the European Sports Physiotherapy she defined 27 different climbing exercises 
to improve mobility and strength of the spinal muscles including written text and pictures of 
every exercise (Maruna, 2005). However, first to actually try out this concept with a patient 
was Hulka who, after some slight adaptions, successfully treated a 37-year old man with 
chronic back problems. Significant improvement could be seen in activities of daily life, 
strength endurance, mobility, pain, coordination and muscle function. Nevertheless, only one 
patient took part in this study (Hulka, 2008). Another spine related approach was the concept 
of treating idiopathic scoliosis by Kratochwill (2008). 
Other Indications 
Typical orthopaedic indications like described above, however, are just a small part of the 
whole field of application of therapeutic climbing. For example in 2006 a German group of 
researchers and sports therapists have established a climbing group especially for patients 
with multiple sclerosis (MS on the Rocks, 2016). So far they have regularly published several 
scientific and semi-scientific articles, explaining the benefits of climbing for this special 
group of patients, including subjective and objective improvements of activities of daily 
living (Apotheken Umschau, 2007; Belitz, 2006; Gross, 2013; Hermann, 2006; Käser, 2006; 
Kern et al., 2006; Kern, 2010; Kern, Tusker, Bischoff, & Oberhoffer, 2012; Kern, 
Elmenhorst, & Oberhoffer, 2013a; Kern, Mayer, Bischoff, & Oberhoffer, 2013b; Massa, 
2014; mk-publishing-GmbH, 2013; Promedici, 2014). In another study, published in 2010, 
sports climbing was found to significantly improve the level of everyday fatigue and its effect 
on physical and cognitive function in multiple sclerosis patients (Velikonja, Čurić, Ožura, & 
Jazbec, 2010). 
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Further positive effects of (therapeutic) climbing could be found in the fields of 
psychosomatic rehabilitation (Schnitzler, 2009), in terms of increasing concentration of 
children with attention deficient hyperactivity disorder (Veser, Bady, & Wiesner, 2009), in 
geriatric patients (Fleissner et al., 2010), regarding graphomotoric skills of children (Fridrich, 
2011), anxiety and obsessive disorder (Reiter, Heimbeck, Müller, & Voderholzer, 2014) and 
as a treatment against depression (Luttenberger et al., 2015) and addictions (Soravia et al., 
2016).   
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CHAPTER 4 
Research Questions and Hypotheses 
 
For the present study, two modifications of a therapeutic climbing exercise were chosen to 
investigate. Based on previous findings and previously presented rehabilitation exercises one 
therapeutic climbing exercise that can be compared to a pull-up or rowing task was chosen, 
repeatedly reported in exercise programs for the shoulder (Burkhead, & Rockwood, 1992; 
Hintermeister et al., 1998). Due to the upright, weight-bearing position, the exercise is 
expected to demand a constant amount of core stability throughout all modifications of the 
exercise (Fenwick, Brown, & McGill, 2009; Tarnanen et al., 2012). Alteration of handhold 
rotation was chosen to cause a supposed increase in the demand of shoulder functionality and 
is thought to bring out different activation strategies during the execution (Hintermeister et 
al., 1998). On the other hand, different pulling velocities were mainly chosen in order to 
induce different overall power outputs, as a measure of force acting on the climbing hold. The 
importance of plyometric shortening-stretching exercises to increase sport specific power has 
been reported (Hayes et al., 2002; Jaggi, & Lambert, 2010; Kibler, 1998; Kibler et al., 2001; 
Reinold et al., 2010; Rubin, & Kibler, 2002; Wilk, & Arrigo, 1993a; Wilk et al., 1993b; Wilk 
et al., 2002), but their effect have not been found to be investigated before so far. Due to a 
direct correlation between activation and force output of a muscle (Konrad, 2006), this 
alteration is expected to lead to different levels of activation in all muscles of the shoulder 
girdle involved in the pulling task. 
Based on the example of this therapeutic climbing exercise the following research questions 
and hypotheses were elaborated: 
 Q1: What influence does the pulling velocity during a pull-up like therapeutic 
climbing exercise have on the force applied at the climbing holds and the amplitude of 
muscle activation of relevant core and trunk muscles? 
 H1: The maximum resulting force measured at the climbing holds increases with 
increasing pulling velocity, whereas the muscle activity of only some muscles 
increases. The pulling velocity does not influence the abdominal muscles and the 
muscles of the lower back region. 
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 Q2: How does the rotation of the climbing holds influence the magnitude of the 
resulting force at the climbing holds and the muscle activation of core and trunk 
muscles? 
 H2: The maximum resulting force at the climbing holds is not influenced by the 
rotation of the holds. The muscle activation of the three parts of the trapezius muscle 
is altered differently by changing the handhold rotation, whereas the abdominal and 
lower back muscles are not affected. 
 
 Q3: How does the muscle activation correlate to the force applied at the climbing 
holds? Is the magnitude of force that is applied to the holds directly related to the 
muscle activation? 
 H3: The muscle activation of the desired muscles correlates directly to the applied 
force at the climbing hold. Hence, muscle activation increases with increasing force 
applied. 
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CHAPTER 5 
Methods 
 
The following pages provide a detailed description of the steps that were taken in order to 
investigate the muscle activation and force during a therapeutic climbing exercise. This 
chapter represents the main part of the practical work done within this project. It is subdivided 
according to the steps that had to be considered in chronological order. At first a system had 
to be developed to measure the forces at the climbing holds – an instrumented climbing hold. 
This was followed by the final choosing of a representative climbing specific exercise and the 
involved muscle activation. Based on that subject criteria were defined for the following 
experimental study. Eventually data treatment is described in detail. 
5.1. Development of Instrumented Climbing Hold 
A main task of this study was to develop a measurement system to record force data applied 
at the climbing hold. Therefore, several force sensor systems were researched and evaluated 
in terms of suitability, where suitability was defined by several factors. The final system had 
to be accurate with a high linearity, cost-effective and suitable for three-dimensional 
measurements. The initial attempt to integrate the sensor directly into the climbing hold had 
to be rejected due to the costs of such small, but high quality force sensors. Furthermore, the 
use of the sensor for both static holding and dynamic pulling became a demand, which limited 
the selection to strain gauge based sensors. 
Eventually two ME K3D120 three-axis force sensors (ME-Meßsysteme GmbH, Hennigsdorf, 
GER) with a range of ± 5 kN in all three dimensions were acquired. According to the 
manufacturer, the accuracy class of the sensor is 0.5% and its linearity error is given with 
0.2% of full scale. This sensor is a strain gauge based three-axis force sensor made of 
stainless steel with overall dimensions of 120x120x30 mm and an area of 40x40 mm in the 
centre of the top side, where a force can be applied directly or via screwing a force 
transducing object to the sensor with four M6 screws, respectively. The sensor itself can be 
firmly bolted onto a reference object (“Stator”) with four M6 socket head screws. Shearing 
forces act in x- and y-direction, whereas tension and compression forces are detected in z-
direction (Figure 7). 
60 
 
Figure 7: 3D model (a) and drawings (b), (c) of the ME K3D120. (b) shaded: 40x40 mm area where the force can be applied. 
(c) shaded: the area where the sensor can be attached to the “Stator”. Modified from: ME-Meßsysteme, 2017. 
According to the manufacturer, each dimension of force is detected by four strain gauges, 
wired up as a Wheatstone full-bridge. Thus, each sensor contains three full-bridge circuits. 
An amplifying circuit was built-up for each channel of the two sensors, including an INA125 
instrumentation amplifier (Texas Instruments Inc., Dallas, TX, USA) for supply of the bridge 
excitation and amplification of the bridge output signal. A RECOM RS3-0515D DC/DC 
converter (RECOM Power GmbH, Gmunden, AUT) was used for a stable voltage supply of 
the INA 125 of ±15 V. The DC/DC converter was supplied with 8.5 V from a main power 
supply unit (EA-PS 2032-25, EA Elektro-Automatik GmbH & Co. KG, Viersen, GER or HQ-
Power PS23023, Velleman nv, Gavere, BEL) and each channel of the force sensors was 
supplied with 10 V from the INA125. The gain of the INA125 was set to 1000 via a 
potentiometer set to 60 Ω. The amplifier outputs were connected to the analogue inputs of a 
NI USB-6211 (National Instruments Corp., Austin, TX, USA) with a ground-referenced 
single-ended (RSE) measurement system. A schematic drawing of the amplifying circuit of 
one channel of the force sensor can be seen in Figure 8. 
 
Figure 8: Schematic drawing of the measuring chain of the force sensor. 
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The use of the ME K3D120 as an instrumented climbing hold was realized through the design 
of two adapter plates. The first adapter plate is a wooden plate, which enables the mounting of 
the sensor to the front of a climbing wall panel. For that, several holes were drilled into the 
plate – one with a diameter of 14 mm on every corner to fix the plate to the climbing wall 
according to the grid of the wall and several 8 mm holes, which were aligned vertically in 
accordance with the fixation holes of the force sensor, like stated in the data sheet (Figure 7 
(c)). Those smaller holes were further equipped with M6 drive-in nuts. Thus via four M6 
socket head screws the sensor could firmly be mounted to the wooden adapter plate in an 
adaptable height in steps of 5.4 cm. 
Furthermore, steel adapters (60x60x35 mm) were constructed that can be attached to the force 
sensitive element of the sensors (Figure 7 (b)) using four additional M6 screws. In its centre, 
the adapters have an ISO metric M10 thread, which is the most common type of thread used 
to bolt climbing holds (Figure 9). 
 
Figure 9: Exploded view of one assembly of the instrumented climbing hold (without the screws). From left to right: Wooden 
adapter plate (without the height adaption holes), force sensor ME K3D120, adapter, and exemplary climbing hold. 
5.2. Therapeutic Climbing Exercise and Involved Muscle 
Groups 
The research project on hand focuses on one certain therapeutic climbing exercise, 
comparable to a rowing or pull-up movement, which are two commonly studied therapy and 
strengthening exercises (Burkhead, & Rockwood, 1992; Hintermeister et al., 1998). The 
exercise is a very simplified, but climbing specific exercise that can be used in therapeutic 
climbing for strengthening of the shoulder girdle and to improve trunk stabilization. The 
subject starts with the feet placed on two big climbing holds less than 15 cm above ground 
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level and the hands holding onto two jug holds bolted at approximate breast height and 
shoulder width, respectively. The front side of the body faces the climbing wall, with the arms 
stretched (elbows fully extended) while remaining core stability (initial position, IP). From 
that, the subject simply pulls her- or himself towards the wall until full elbow flexion while 
constantly remaining a stable core and holds this position for a moment (final position, FP) 
before returning to initial position (Figure 10). 
Besides arm and shoulder muscles, trunk stabilizing muscles (dorsal and ventral) are expected 
to be involved in the execution of this exercise in order to maintain core stability according to 
previous findings (Fenwick, Brown, & McGill, 2009; Tarnanen et al., 2012). 
 
         (a)  (b) (c) 
Figure 10: (a) IP from posterior, (b) IP from lateral, (c) FP from lateral. 
5.3. Subject Criteria 
The main inclusion criterion to take part in this study was no recent pre-injuries of the 
musculoskeletal system. Also weight and height (i.e. body mass index, BMI) were inclusion 
criteria, as BMI represents a rough estimation of subcutaneous fat (Nordander et al., 2003), 
which has been reported to have a negative effect on EMG signal variation (Bartuzi, Tokarski, 
& Roman-Liu, 2010; Hemingway, Biedermann, & Inglis, 1995; Kuiken, Lowery, & Stoykov, 
2003; Nordander et al., 2003). Height alone, however, did not have to be taken into 
consideration as the mounting height of the instrumented climbing hold could be chosen 
accordingly. 
Hence, exclusion criteria were current and recent pre-injuries – especially, but not 
exclusively, of the trunk and upper extremities – and participants were to be excluded when 
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their BMI was higher than 24.99, which exceeds the range of normal weight according to the 
World Health Organisation (2000) and therefore could negatively affect the EMG signal. 
5.4. Experimental Measurements 
The final measurements took part in the Sports Engineering and Biomechanics Laboratory of 
the UAS Technikum Wien (Vienna, Austria). 
Fifteen healthy active male and female subjects (Table 2) were recruited from the staff and 
student body of the UAS Technikum Wien via email lists and notices that were put up and 
voluntarily participated in this project. 
 
 Male (N=7) Female (N=8) All (N=15) 
    
Age [yrs.] 25.86 ± 4.18 30.13 ± 4.58 28.13 ± 4.78 
     
Weight [kg] 87 ± 16.80 58.88 ± 5.17 72 ± 18.58 
    
Height [cm] 183.57 ± 8.64 163.25 ± 5.06 172.73 ± 12.45 
     
Climbing experience (y/n) 5 / 2 5 / 3 10 / 5 
     
Table 2: Mean subject characteristics. 
 
Written and oral instructions about the procedures were provided to the subjects prior to their 
written informed consent to participate. Though four subjects showed minor injuries in the 
run-up, all subjects were healthy at the time of measurements (Table 3). Two of the male 
subjects showed a BMI higher than 24.99, which was most likely due to a history of excessive 
strength training, and were therefore included in the measurements nonetheless (Table 3, 
Table 4). Although climbing experience was no precondition to participate, ten subjects still 
claimed to have climbing experience. Detailed descriptive characteristics and the sports 
profiles of all subjects can be found in Table 3 and Table 4. 
 
All procedures were reviewed and approved by the RMIT University College of Science 
Engineering & Health Human Ethics Advisory Network and the RMIT University Human 
Research Ethics Committee, respectively (application number: ASEHAPP 71-15, for approval 
letters see Appendix A). 
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 Gender Age 
[yrs.] 
Height 
[cm] 
Weight 
[kg] 
BMI Medical History 
S1 female 24 158 60 24.03 - 
S2 male 25 180 78 24.07 - 
S3 female 29 168 61 21.61 - 
S4 male 26 184 79 23.33 - 
S5 female 32 158 55 22.03 - 
S6 male 26 176 77 24.86 low back pain (2 weeks before 
the measurements, pain free since 
6 days before the measurements) 
S7 male 34 189 85 23.80 - 
S8 male 21 198 117 29.84 - 
S9 female 26 157 51 20.69 minor concussion (4 weeks 
before the measurements, cleared 
by a physician before the 
measurements) 
S10 female 35 163 55 20.70 labrum lesion (hip, 1.5 yrs. before 
the measurements) 
S11 female 32 170 61 21.11 - 
S12 male 26 172 70 23.66 minor contusion of the foot (10 
days before the measurements, 
pain free since 2 days before the 
measurements) 
S13 female 36 165 68 24.98 - 
S14 female 25 167 60 21.51 - 
S15 male 22 186 103 29.77 - 
Table 3: Descriptive characteristics of all subjects. 
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 Climbing Experience 
(yrs. experience, self-rated 
grading (IRCRA scale)) 
Other Sports 
S1 yes, irregularly 
(3 yrs., grade 11) 
 
MTB (competitive, 8 hrs./week) 
unspecific endurance and strengthening (10 hrs./week) 
S2 no football (soccer) (2-3 times / week) 
strength training (1-2 times / week) 
S3 yes, irregularly 
(7 yrs., grade 5-6) 
strength and conditioning (3-4 times / week) 
S4 yes, irregularly 
(8 yrs., no current grade) 
yoga (1.5 hrs/week) 
running (0.5 hrs./week) 
basketball (1.5 hrs./week) 
skateboarding (2 hrs./week) 
S5 yes, irregularly 
(16 yrs., grade 5-6) 
running (1-2 times per week) 
yoga (1-2 times per week) 
snowboarding (seasonal) 
hiking (seasonal) 
S6 yes, 3 hrs./week 
(2 yrs., grade 19) 
MTB (2 hrs./week) 
basketball (6 hrs./week) 
S7 yes, , irregularly 
(5 yrs., grade 7-8) 
strengthening (2-3 hrs./week) 
cycling (150-250 km/week) 
running (3-5 times per week) 
S8 no strengthening (8-10 hrs./week) 
cycling (1-2 times per week) 
S9 no football (soccer) (5 hrs./week, competitively) 
strengthening (2-3 times per week) 
S10 yes, 3-4 times per week 
(9 yrs., grade 16) 
core strengthening (2 times per week) 
S11 no yoga (1 time per week) 
S12 yes, irregularly 
(12 yrs., no current grade) 
swimming (1 time per week) 
S13 no ice hockey referee 
running (pre-season, 4 times per week) 
strengthening (pre-season, 2 times per week) 
ice skating (season, 12 hrs./week) 
no workout during off-season 
S14 yes, 3-4 hrs./week 
(8 yrs., grade 16-17) 
running (3 times per week) 
cycling (3 hrs./week) 
ski touring (seasonal) 
beach volleyball (seasonal) 
S15 yes, irregularly 
(2 yrs., grade 11) 
cycling (3-4 hrs./week) 
Table 4: Sports profile of all subjects. IRCRA: International Rock Climbing Research Association, MTB: mountain biking. 
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All subjects had to repeatedly perform the above described therapeutic climbing exercise (see 
5.2) on a self-built therapeutic climbing wall with an adjustable inclination. Two big jug holds 
were mounted onto the climbing wall, each assembled with a three-axis force sensor like 
described in 5.1. Considering the overall depth of the instrumented climbing hold (including 
the adapter plates) the inclination of the climbing wall was set to a consistent 10° overhang 
for all measurements with a slight difference of ±2° depending on the final handhold height. 
On the one hand, the choice of overhang was slightly limited by the realization of the 
adaptable inclination via a steel chain. On the other hand, the final overhang was chosen so 
the subjects had to pull themselves towards the climbing wall against the resistance of gravity, 
but at the same time the overhang should be low enough not to highly influence the outcome 
of muscle activation. According to previous findings, wall inclination appears to be 
significant from about 10° (Park, Kim, Kim, & Choi, 2015) or 12° Grzybowski et al. (2014), 
respectively. 
Two relatively big climbing holds were used as footholds, placed approximately 15 cm above 
a gymnastic mat and about 50 cm apart in horizontal direction. For protection against skin 
abrasion and slipping, all subjects wore the same type of leather gymnastic shoes with a 
rubber sole (no brand name available). Magnesium carbonate (Mammut Liquid Chalk, 
Mammut Sports Group AG, Seon, CH) was provided and could be used by the subjects on a 
voluntary basis against excessive sweating of the hands. 
The exercise had to be performed in different variations. On the one hand the pulling (elbow 
flexion) had to be executed in three different velocities – a slow (quasi-static) pulling, fast 
(explosive) pulling and a self-selected medium pulling velocity. On the other hand, six 
different handhold rotations were investigated (Figure 11), since the potential of this 
alteration has previously been reported (Hintermeister et al., 1998).  
 
Figure 11: Different handhold rotations that were investigated. Top row from left to right: 0°, 45°, 90°. Bottom row from left 
to right: 135°, 180°, -90°. 
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Each combination of pulling velocity and handhold rotation had to be performed multiple 
times. In order to reduce the effect of fatigue as far as possible the measurements were 
separated into four trials (per condition) of a maximum of three pulls per trial with short 
breaks in-between all trials – a two minute break after quasi-static trials and a five minute 
break between changing the handhold rotation. Hence, a complete set of trials included a 
maximum of twelve valid pulls per condition. The order of handhold rotation and pulling 
velocity was randomized by drawing lots. After drawing the handhold rotation the order of 
pulling velocity for this rotation was drawn. When all pulls of a rotation were successfully 
performed and recorded, the next handhold rotation was drawn (Figure 12). 
 
Figure 12: Sequence of trials per exercise modification. For each condition (combination of handhold rotation and pulling 
velocity) a maximum number of 12 pull had to be performed, separated into 4 trials. 
Throughout the measurements, muscle activation of eight superficial upper body and trunk 
muscles was measured bilaterally. Those muscle groups had commonly been reported to be 
involved in pulling and rowing exercises (Fenwick, Brown, & McGill, 2009) and were 
previously investigated in other therapeutic climbing studies (Grzybowski et al., 2014; Kim, 
& Seo, 2015; Mally et al., 2013; Mühlbauer et al., 2013; Park et al., 2015; Pühringer et al., 
2017a; Pühringer et al., 2017b; Strutzenberger et al., 2017a; Strutzenberger et al., 2017b). 
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In detail, muscle activations of the following muscles were investigated:  
 m. trapezius descendes (TD) 
 m. trapezius transversus (TT) 
 m. trapezius ascendens (TA) 
 m. latissimus dorsi (LD) 
 m. erector spinae (ES) 
 m. multifidus pars lumbalis (MF) 
 m. rectus abdominus (RA) 
 m. obliquus externus abdominis (OE) 
 
The EMG system used in this study was a myon 320 16-channel wireless sEMG system 
(myon AG, Schwarzenberg, CH). Two single-use, non-invasive silver-silver chloride 
electrodes (Ambu® BlueSensor N, REF: N-00-S / 25, Ambu A/S, Ballerup, DEN) per muscle 
were used. Proper skin preparation was performed for all application sites according to 
Hermens et al. (1999). Sites covered with hair were shaved, dead and dry epidermis cells were 
removed via abrasion and the skin was cleaned with alcohol swabs. 
Application sites for TD, TT, TA, ES and MF were chosen according to Hermens et al. 
(1999), whereas sites for RA and OE were taken from Cholewicki, Panjabi and Khachatryan 
(1997) and the electrodes at LD were applied according to Hodges, Coppieters, MacDonald 
and Cholewicki (2013) (Figure 13). 
 
Figure 13:EMG sensor placement. Left: dorsal view of unilateral placement, right: frontal view of unilateral placement. 
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After the electrode application, before the measurements started, the signal quality was 
checked visually for each channel and the subjects were given five to ten minutes for 
individual warm-up and to try out the exercise at submaximal speed at a handhold rotation of 
0°. 
The myon 320 sEMG system’s sending units of each sensor (channel) transmit the 
differentially amplified EMG signal to a receiver unit via a 2.4 GHz protocol with a consistent 
latency of 16 ms. The available system provides an analogue EMG output, which enables the 
connection of the single channels to a NI USB-6210 (National Instruments Corp., Austin, TX, 
USA). A simultaneous recording of force and EMG data was realized with a LabVIEW 
SignalExpress 2011 project (Version 5.0.0, National Instruments Corp., Austin, TX, USA). 
Both systems were connected to a Laptop via the NI USB multifunction data acquisition 
(DAQ) devices, providing a 16 bit resolution analogue-digital conversion (ADC). The input 
voltage range of both systems was set to ±10 V and data was recorded continuously at a rate 
of 1000 samples per second (1 kHz) with a RSE measurement system. Raw data was stored as 
single *.lvm files with consecutive numbers for each trial (i.e. three pulls). 
5.5. Data Treatment 
Further data treatment was carried out in MATLAB R2016a (The MathWorks, Inc., Nattick, 
MA, USA) and Excel 2016 (Microsoft Corp., Redmond, WA, USA). The data sets were first 
imported into MATLAB subject-wise and stored as *.mat files. Valid and invalid pulls were 
separated from each other manually based on the notes taken during the measurements and all 
valid pulls per subject and condition were then merged into one matrix. After that step, the 
force data and EMG data were treated separately. 
5.5.1. Force Sensor 
Some of the force sensor data was corrupted with large negative spikes, for which no reason 
can be given at this point, however, these peaks had to be eliminated before further data 
treatment. After screening the data it was clear that the upper parts of those spikes were actual 
data points and the corruption could be eliminated by creating a sort of envelop function. 
Therefore, the spikes were detected by differentiation of the raw signal and a threshold was 
defined, above which a spike counted as corruption in which case the data at this point was 
written over with the interpolated data of the calculated envelop of the raw signal at the same 
point (Figure 14). 
70 
 
(a) 
 
(b) 
Figure 14: (a) Random example of a corrupted raw force sensor signal and a close-up of the corruption. (b) Close-up of the 
corruption - blue: raw, orange: signal after elimination of spikes. 
After that, the data was filtered with a zero-lag 4th order low-pass Butterworth filter with a 
cut-off frequency of 10 Hz. Following, the force sensor offset was subtracted from the signal 
and the resulting force for the left and right handhold was calculated out of the x-, y- and z-
components of each force sensor. The resulting force under all conditions was then 
normalized per subject to the force during static holding of the IP under 0° handhold rotation. 
Hence, the force unit in the results section is displayed as times IP0. After the normalization, 
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the maximum force of each pull was evaluated and for each condition (i.e. pulling velocity 
and handhold rotation) the mean maximum force per subject was calculated. 
In order to describe the time-characteristics of slow, medium and fast pulling, the duration of 
the pulls was calculated as the time between a local minimum and a local maximum of the 
resulting force of the left hand hold (Figure 15). This time interval therefore includes the 
concentric pulling phase. A mean duration was calculated per subject and handhold rotation 
from which the overall mean value, standard deviation and median value were evaluated. 
 
Figure 15: Exemplary force data of all pulls of subject 1 at a handhold rotation of 45° and medium pulling velocity. Local 
minima and maxima used for the calculation of pulling duration are marked with green and red circles, respectively. 
5.5.2. EMG 
First of all the entire data set of the EMG raw data was screened visually for possible 
measurement errors, which have been reported in EMG measurements before (De Luca, 1997; 
Konrad, 2006). Based on this step, single pulls actually had to be eliminated due to missing 
data points, such as shown in Figure 16 below. If the missing of data points did clearly not 
occur at a point where the maximum activation could be expected, the pull was considered as 
valid, nonetheless. 
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Figure 16: Random example of EMG raw data. In this case clearly missing data points during the 4
th
 pull, which was then 
defined as invalid for further EMG data treatment. All other pulls of this example were considered as valid for the evaluation 
of the maximum activation. 
A possible electrocardiogram contamination of the EMG data was eliminated from the raw 
signal using a zero-lag 2nd order high-pass Butterworth filter with a cut-off frequency of 
30 Hz, as suggested by Drake and Callaghan (2006). Data was then rectified and smoothed 
with a zero-lag 6th order low-pass Butterworth filter with a cut-off frequency of 6 Hz. 
Afterwards the mean maximal muscle activation under the condition of medium pulling speed 
at 0° handhold rotation was calculated for each muscle of each subject. This value was then 
set as 100% and all data of each muscle was normalized to this value accordingly. Similar to 
the force data the maximum muscle activation of each muscle and of each pull was evaluated 
and the mean maximum activation per subject was calculated for each condition. 
5.5.3. Statistics / Correlations 
Where available, the mean maximum resulting force (left and right handhold) and the mean 
maximum muscle activation of each subject were taken into the statistical calculation. 
Therefore, n had a maximum of value of 15 and had to be lowered where no data was 
available due to technical problems as stated above (i.e. missing EMG data points) or in case 
a subject was not able to perform the exercise condition. 
Data sets of each condition were tested for normal distribution using a Lilliefors test (alpha = 
0.05). Due to different outcome for different data sets (i.e. some showed normality, whereas 
some did not) and different length of data due to an unequal number of valid and invalid trials 
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per condition a nonparametric, two-tailed Wilcoxon signed rank test (alpha = 0.05) was 
chosen to investigate statistical significance in multiple pair-wise comparisons. In order to 
decrease the possibility of a type I error due to of multiple comparisons a Bonferroni 
correction (k = 7) was applied, resulting in alpha’ = 0.0071 as a corrected level of 
significance. 
Both the results of force and EMG data were processed as bar graphs with mean and standard 
deviation. Statistical significance is indicated by asterisks, which will be explained in more 
detail in the results section. 
 
Additionally, the Spearman’s rank correlation coefficient r (alpha = 0.05) was calculated 
between the maximum muscle activation of all muscles and the maximum resulting force at 
each handhold rotation. The activation of muscles from the left side of the body was 
compared with the resulting force at the left handhold and vice versa for the right side.  
A classification of Spearman’s r was done in accordance to Cohen (1992): 
 r = .10 equals a small effect 
 r = .30 equals a medium effect 
 r = .50 equals a large effect 
 
Eventually, a correlation is considered relevant, if the effect size can be ranked large. 
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CHAPTER 6 
Results 
 
As described within the previous chapter, each subject had to perform multiple trials of a pull-
up like therapeutic climbing exercise, with different settings of pulling velocity and handhold 
rotation. Due to different technical reasons with the measurement systems and the observation 
that some subjects were unable to perform the exercise under all conditions, the following 
results were calculated from a different number of valid trials per condition. More detailed, a 
minimum of 118 and a maximum of 176 pulls per condition were included in the final data 
treatment. Those numbers resulted in a mean number of valid pulls per condition of 157 
(rounded value) (Table 5). 
  
MIN 118 
MAX 176 
MEAN 157.3 
STD 14.7 
MED 160.5 
Table 5: Descriptive statistics of valid pulls per condition. MIN: minimum, MAX: maximum, MEAN: mean value, STD: 
standard deviation, MED: median value. 
For the statistical calculations a mean value was calculated for each subject under all 
conditions. Hence, a maximum of 15 values of a condition were taken into account for pair-
wise comparison. However, due to above mentioned technical reasons and inability of single 
subjects to perform certain modifications of the exercise the statistical calculations were based 
on a different number of available pairs. The lowest value of n observed during the statistical 
calculation was n = 10. A descriptive statistic of these numbers can be found in Table 6 and 
the underlying values can be found in Table 7.   
 Force EMG 
MIN 13 10 
MAX 15 15 
MEAN 14.5 13.1 
STD 0.8 1.2 
MED 15 13 
Table 6: Descriptive statistics of available data per condition used for statistical calculation. MIN: minimum, MAX: 
maximum, MEAN: mean value, STD: standard deviation, MED: median value. 
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 0 
slow 
 
med 
 
fast 
45 
slow 
 
med 
 
fast 
90 
slow 
 
med 
 
fast 
135 
slow 
 
med 
 
fast 
180 
slow 
 
med 
 
fast 
-90 
slow 
 
med 
 
fast 
Force 15 15 15 15 15 15 15 15 15 15 15 15 14 14 14 13 13 13 
TD left 15 15 15 14 15 15 14 13 15 15 15 15 13 14 13 13 13 13 
TD right 15 15 15 15 15 15 15 15 15 15 15 15 14 14 14 13 13 13 
TT left 12 12 12 12 12 12 12 12 12 12 12 12 12 12 12 10 10 10 
TT right 13 13 13 13 13 13 13 13 13 13 13 13 12 12 12 12 12 12 
TA left 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 11 11 11 
TA right 14 14 14 14 14 14 14 14 14 14 14 14 13 13 13 12 12 12 
LAT left 13 13 13 13 13 13 13 13 12 13 13 13 11 12 12 11 11 11 
LAT right 15 15 15 15 15 15 15 15 15 15 15 15 14 14 14 13 13 13 
ES left 13 13 13 12 13 13 13 13 13 13 13 13 12 12 12 12 12 12 
ES right 14 14 14 14 14 14 14 14 14 14 14 14 13 13 13 12 12 12 
MF left 15 15 15 15 15 15 15 15 15 15 15 15 14 14 14 13 13 13 
MF right 14 14 14 14 14 14 14 14 14 14 14 14 13 13 13 12 12 12 
RA left 13 13 13 13 13 13 13 13 13 13 13 13 12 12 12 11 11 11 
RA right 13 13 13 13 13 13 13 13 13 13 13 13 12 12 12 11 11 11 
OE left 13 13 13 13 12 13 13 13 13 13 13 13 11 12 12 11 11 11 
OE right 13 13 13 13 13 13 12 12 12 13 13 13 10 11 12 11 11 11 
Table 7: Detailed numbers of available data per condition for the force measurement and all muscles. 
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In order to get an idea of how well subjects could differentiate between slow, medium and 
fast pulling, Figure 17 presents the time-characteristics of the three pulling velocities. This 
data was tested neither for normality, nor for statistical significance. 
 
Figure 17: Time-characteristics of the three pulling velocities slow, medium and fast. The handhold rotation increases from 
the left to the right for each group of bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 
180°, green: -90°. 
Based on the research questions and the data available, the subsequent results section is 
structured as follows. At first, the influence of the pulling velocity on the maximal resulting 
force measured at the handholds and on the maximal muscle activity of all investigated 
muscles is presented. Afterwards the influence of the handhold rotation on the same 
parameters is shown. In general, the results are presented as bar graphs of mean values (bars) 
and standard deviation (whiskers). The statistical significance is indicated via asterisks above 
links drawn between the bars of compared sets of data. Additionally, the calculated p-values 
are shown in tables below the according bar graphs. The last part of the results section 
presents the Spearman’s r between maximum resulting force and muscle activation under all 
handhold rotations. 
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6.1. Influence of the Pulling Velocity on the Maximal 
Resulting Force 
Figure 18 shows how the maximum resulting force at the left and right climbing hold can be 
influenced by the pulling velocity. All conditions except a handhold rotation of -90° revealed 
a highly significant difference between slow and fast pulling velocity and medium and fast 
pulling velocity at both hands. Even though the difference of mean values is generally smaller 
between those two velocities there is at least a significant difference between slow and 
medium pulling as well. For both sides the difference between slow and medium speed ranges 
from 0.09 to 0.15 times IP0, whereas from slow to fast pulling there is an increase between 
0.51 and 0.75 times IP0. 
  
Figure 18: Influence of pulling velocity on the mean maximum resulting force in times IP0 at the left and right handhold. The 
pulling velocity increases from the left to the right for each group of bars. Blue: slow, orange: medium, grey: fast.  
** p ≤ 0.001, * p ≤ 0.0071 
Table 8 contains the exact p-values in which it becomes clear, that all differences can be rated 
significant or highly significant.  
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  F_res left F_res right 
0° slow-med 0.0007 0.0007 
 med-fast 0.0007 0.0008 
 slow-fast 0.0007 0.0007 
45° slow-med 0.0015 0.0007 
 med-fast 0.0008 0.0007 
 slow-fast 0.0007 0.0007 
90° slow-med 0.0008 0.0007 
 med-fast 0.0007 0.0007 
 slow-fast 0.0007 0.0007 
135° slow-med 0.0007 0.0007 
 med-fast 0.0007 0.0007 
 slow-fast 0.0007 0.0007 
180° slow-med 0.0010 0.0012 
 med-fast 0.0010 0.0001 
 slow-fast 0.0010 0.0001 
-90° slow-med 0.0058 0.0019 
 med-fast 0.0015 0.0015 
 slow-fast 0.0015 0.0015 
Table 8: Exact p-values calculated with the Wilcoxon signed rank test (alpha’ = 0.0071) for the influence of pulling velocity 
on the maximum resulting force (F_res). Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, standard: p > 0.0071. 
6.2. Influence of the Pulling Velocity on the Maximal Muscle 
Activity 
Figure 19 to Figure 26 show the influence of pulling velocity on the maximal muscle 
activation of all investigated muscles. 
 
For the TD it can be seen that there is a trend of a decreasing influence of pulling velocity on 
the maximum muscle activation towards the right side of each graph in Figure 19. Significant 
differences could be found between slow and fast pulling and medium and fast pulling for all 
handhold rotations except -90° on the right side. A significant difference between slow and 
medium pulling could only be observed at 90° and 180° on the left side and 45° and 90° on 
the right side, respectively (Figure 19). 
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Figure 19: Influence of pulling velocity on the mean maximum muscle activation of the left and right TD in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
In case of the TT there is a significant difference between slow and fast and between medium 
and fast pulling under all conditions except at a hand hold rotation of -90°. There is no 
significant difference between difference between slow and medium pulling velocity (Figure 
20). 
  
Figure 20: Influence of pulling velocity on the mean maximum muscle activation of the left and right TT in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
Compared to the other two parts of the trapezius muscle, the TA seems to be less influenced 
by the pulling velocity over all handhold rotations. The differences between slow, medium 
and fast pulling are smaller and only few significant differences could be revealed. Especially 
at 90° handhold rotation on both sides a significant difference was found between slow and 
fast pulling. Furthermore, there was a significant difference between slow and fast pulling at 
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0° and 180° on the left side and at -90° on the right side. There, significance could also be 
found between medium and fast pulling at 135° and -90° (Figure 21). 
  
Figure 21: Influence of pulling velocity on the mean maximum muscle activation of the left and right TA in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
A general increasing trend of muscle activation can be seen for the LD with increasing pulling 
speed. The level of difference is comparable for all handhold rotations, whereas significant 
differences were found at 0°, 90° and 135° handhold rotations on both sides. On the right side 
also at 180° and -90° a certain level of significance can be seen (Figure 22). 
  
Figure 22: Influence of pulling velocity on the mean maximum muscle activation of the left and right LD in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
The low back muscles ES and MF show a significant influence of pulling velocity on 
maximum muscle activity throughout all handhold rotations on both sides (Figure 23, Figure 
24). All of the found significances were either between slow and fast or medium and fast 
pulling. No influence could be found between slow and medium pulling for either muscle. 
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Especially the MF (Figure 24) seems to be highly influence at handhold rotations from 0° to 
135°. 
  
Figure 23: Influence of pulling velocity on the mean maximum muscle activation of the left and right ES in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
 
  
Figure 24: Influence of pulling velocity on the mean maximum muscle activation of the left and right MF in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
Figure 25 shows the results for the left and right RA. Despite rather high standard deviations, 
the muscle activation during fast pulling is significantly higher than during the other two 
pulling velocities under all conditions, except at -90° handhold rotation. On the right side, 
however, there is a significant difference between slow and fast pulling at 90°. The 
comparison between slow and medium pulling only revealed one significant difference at 
180° handhold rotation on the left side. 
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Figure 25: Influence of pulling velocity on the mean maximum muscle activation of the left and right RA in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
The differences between slow and medium pulling velocity seem marginal in most of the 
conditions for the left and right OE. Clear differences, however, could be observed between 
fast pulling and the two other velocities, which in most cases revealed significant differences 
(Figure 26). The overall pattern of maximum activation seems comparable to the RA above. 
  
Figure 26: Influence of pulling velocity on the mean maximum muscle activation of the left and right OE in percent of 
medium pulling speed at 0° handhold rotation. The pulling velocity increases from the left to the right for each group of bars. 
Blue: slow, orange: medium, grey: fast. ** p ≤ 0.001, * p ≤ 0.0071. 
Table 9 and Table 10 below contain the results of the statistical tests of the according data of 
all muscles in the figures above. 
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  TD left TD right TT left TT right TA left TA right LD left LD right 
0° slow-med 0.1556 0.0268 0.9375 0.7532 0.1961 0.9500 0.1730 0.0309 
 med-fast 0.0008 0.0010 0.0029 0.0015 0.0277 0.0303 0.0088 0.0045 
 slow-fast 0.0008 0.0010 0.0029 0.0046 0.0058 0.0355 0.0030 0.0090 
45° slow-med 0.0355 0.0031 0.4328 0.1730 0.0546 0.0219 0.1159 0.1398 
 med-fast 0.0015 0.0064 0.0029 0.0037 0.0869 0.0258 0.0231 0.0125 
 slow-fast 0.0010 0.0038 0.0022 0.0046 0.0159 0.0076 0.0192 0.0076 
90° slow-med 0.0019 0.0038 0.1579 0.5525 0.3109 0.5098 0.0546 0.0609 
 med-fast 0.0046 0.0012 0.0029 0.0037 0.0131 0.0092 0.0060 0.0038 
 slow-fast 0.0010 0.0007 0.0029 0.0046 0.0030 0.0043 0.0121 0.0012 
135° slow-med 0.0106 0.0409 0.5303 0.7007 0.1005 0.4326 0.0159 0.3066 
 med-fast 0.0007 0.0007 0.0029 0.0015 0.1330 0.0052 0.0024 0.0054 
 slow-fast 0.0007 0.0008 0.0037 0.0019 0.0131 0.0132 0.0015 0.0012 
180° slow-med 0.0037 0.0355 0.2721 0.3078 0.1330 0.2213 0.2860 0.9250 
 med-fast 0.0015 0.0010 0.0029 0.0037 0.0277 0.0192 0.0342 0.0035 
 slow-fast 0.0015 0.0012 0.0037 0.0060 0.0030 0.0088 0.0099 0.0019 
-90° slow-med 0.1330 0.0869 0.8785 0.1579 0.7897 0.6379 0.2860 0.5525 
 med-fast 0.0030 0.0192 0.0284 0.0844 0.0505 0.0022 0.0262 0.0046 
 slow-fast 0.0024 0.0088 0.0926 0.5303 0.1307 0.0029 0.0208 0.0330 
Table 9: Exact p-values calculated with the Wilcoxon signed rank test (alpha’ = 0.0071) for the influence of pulling velocity on the maximum muscle activation of left and right 
TD, TT, TA and LD. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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  ES left ES right MF left MF right RA left RA right OE left OE right 
0° slow-med 0.0330 0.0480 0.0995 0.0962 0.1005 0.2489 0.1005 0.3824 
 med-fast 0.0019 0.0043 0.0007 0.0010 0.0015 0.0015 0.0015 0.0019 
 slow-fast 0.0030 0.0029 0.0007 0.0010 0.0015 0.0015 0.0019 0.0030 
45° slow-med 0.2094 0.0132 0.1556 0.2719 0.0277 0.1005 0.8753 0.1961 
 med-fast 0.0030 0.0010 0.0007 0.0010 0.0030 0.0046 0.0037 0.0015 
 slow-fast 0.0047 0.0012 0.0008 0.0010 0.0015 0.0037 0.0015 0.0015 
90° slow-med 0.1159 0.0303 0.0125 0.0110 0.3824 0.1961 0.0464 0.0281 
 med-fast 0.0019 0.0019 0.0007 0.0010 0.0037 0.0019 0.0024 0.0037 
 slow-fast 0.0030 0.0010 0.0007 0.0010 0.0015 0.0019 0.0015 0.0022 
135° slow-med 0.1005 0.9750 0.0950 0.0480 0.0640 0.2489 0.9165 0.6002 
 med-fast 0.0058 0.0019 0.0007 0.0010 0.0019 0.0019 0.0015 0.0015 
 slow-fast 0.0024 0.0019 0.0007 0.0010 0.0015 0.0019 0.0030 0.0015 
180° slow-med 0.0414 0.7532 0.3003 0.1005 0.0047 0.0414 0.7221 0.2477 
 med-fast 0.0060 0.0046 0.0019 0.0024 0.0096 0.0060 0.0022 0.0099 
 slow-fast 0.0060 0.0019 0.0323 0.0024 0.0037 0.0029 0.0033 0.0069 
-90° slow-med 0.2393 0.1579 0.0330 0.0995 0.0754 0.2477 0.7221 0.2860 
 med-fast 0.0022 0.0022 0.0088 0.0022 0.0912 0.0099 0.0033 0.0033 
 slow-fast 0.0022 0.0037 0.0046 0.0022 0.0208 0.0058 0.0099 0.0044 
Table 10: Exact p-values calculated with the Wilcoxon signed rank test (alpha’ = 0.0071) for the influence of pulling velocity on the maximum muscle activation of left and right 
TD, TT, TA and LD. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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6.3. Influence of the Handhold Rotation on the Maximal 
Resulting Force 
Figure 27 shows the influence of handhold rotation on the maximum resulting force. While on 
the right side the slow and medium pulling seems to result in rather similar forces throughout 
all handhold rotations, on the left side the force seems to increase from 0° to 135° handhold 
rotation from where it decreases again. The pattern for fast pulling looks more similar 
between left and right side, with an additionally significant difference between 0° and 90° on 
the left side. Overall, the absolute differences between the different handhold rotations appear 
to be small, but especially on the left side still revealed many highly significant differences. 
  
Figure 27: Influence of handhold rotation on the mean maximum resulting force in times IP0 at the left and right handhold. 
The handhold rotation increases from the left to the right for each group of bars (-90° equals 270°). Light blue: 0°, orange: 
45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°. ** p ≤ 0.001, * p ≤ 0.0071. 
Table 11 and Table 12 contain the according p-values resulting from the Wilcoxon signed 
rank test. It becomes clear again that much less significant differences could be found for the 
right side. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.0012      
90° 0.0012 0.1914     
135° 0.0015 0.0691 0.1556   SLOW 
180° 0.0010 0.0480 0.5936 0.8261   
-90° 0.5525 0.0747 0.0330 0.0030 0.0022  
       
0°       
45° 0.1460      
90° 0.0018 0.1988     
135° 0.0012 0.0064 0.1914   MED 
180° 0.0012 0.0219 0.3967 0.9750   
-90° 0.1961 0.0231 0.0192 0.0088 0.0022  
       
0°       
45° 0.2115      
90° 0.0026 0.0106     
135° 0.0076 0.0268 0.6909   FAST 
180° 0.0258 0.0843 0.4326 0.4326   
-90° 0.0131 0.0071 0.0015 0.0015 0.0029  
Table 11: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum resulting force of the left handhold. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.1398      
90° 0.0199 0.3343     
135° 0.0125 0.6092 0.5701   SLOW 
180° 0.0052 0.1981 0.8753 0.9750   
-90° 0.8613 0.8068 0.1730 0.0869 0.3882  
       
0°       
45° 0.5321      
90° 0.0884 0.1556     
135° 0.3066 0.5321 0.6909   MED 
180° 0.6832 0.9250 0.0962 0.3305   
-90° 0.6496 0.3824 0.2489 0.3454 0.5829  
       
0°       
45° 0.7764      
90° 0.1118 0.1118     
135° 0.3343 0.5321 0.2805   FAST 
180° 0.9750 0.5098 0.0962 0.1771   
-90° 0.0015 0.0037 0.0019 0.0015 0.0150  
Table 12: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum resulting force of the right handhold. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
87 
6.4. Influence of the Handhold Rotation on the Maximal 
Muscle Activity 
In Figure 28 below the influence of handhold rotation on the maximal activity of the TD is 
shown. It can clearly be seen that on both sides the highest activation was detected at -90° 
handhold rotation for all pulling velocities. The differences, however, seem to be decreasing 
from slow to fast pulling velocity. During slow and medium pulling the activation seems to 
increase with the increasing difficulty of the handhold rotation. This order changes slightly 
under the fast condition, where the lowest activation was recorded at 45° rotation on both 
sides and on the right side the second lowest activity was found at 180°. 
  
Figure 28: Influence of handhold rotation on the mean maximum muscle activation of the left and right TD in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
For better understanding of the level of significance between different rotations Table 13 and 
Table 14 show the results of the p-values for the left and right TD. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.4703      
90° 0.2719 0.0413     
135° 0.1728 0.0023 0.0736   SLOW 
180° 0.1330 0.0150 0.0844 0.9721   
-90° 0.0030 0.0022 0.0029 0.0019 0.0044  
       
0°       
45° 0.6092      
90° 0.5098 0.1240     
135° 0.0884 0.0064 0.0869   MED 
180° 0.0258 0.0186 0.2393 0.6832   
-90° 0.0015 0.0015 0.0033 0.0015 0.0022  
       
0°       
45° 0.0045      
90° 1.0000 0.0001     
135° 0.0409 0.0007 0.0409   FAST 
180° 0.1730 0.0019 0.2213 0.6497   
-90° 0.0015 0.0015 0.0037 0.0131 0.0033  
Table 13: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left TD. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.6909      
90° 0.1252 0.0171     
135° 0.0076 0.0045 0.1914   SLOW 
180° 0.0962 0.0640 0.4326 0.7299   
-90° 0.0019 0.0019 0.0019 0.0019 0.0029  
       
0°       
45° 0.9547      
90° 0.0268 0.0064     
135° 0.0125 0.0076 0.1914   MED 
180° 0.0555 0.0640 0.5098 0.8753   
-90° 0.0015 0.0015 0.0015 0.0019 0.0029  
       
0°       
45° 0.0691      
90° 0.6909 0.0106     
135° 0.3935 0.0026 0.3942   FAST 
180° 0.4703 0.0092 0.8261 0.4326   
-90° 0.0131 0.0019 0.0071 0.0231 0.0281  
Table 14: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right TD. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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As for the TD also for the TT the highest activation under all pulling velocities could be 
reached at -90° handhold rotation. For the TT, however, the muscle activation decreases in all 
cases from 0° to 180° before a clear increase at -90° handhold rotation. The lowest activation 
was revealed at 180° handhold rotation, except for slow pulling where it was slightly lower at 
135° (Figure 29). 
  
Figure 29: Influence of handhold rotation on the mean maximum muscle activation of the left and right TT in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
Table 15 and Table 16, by containing the according p-values of the figures above, show that 
especially on the right side most of the differences underlie a high significance. While fast 
pulling on the left side, interestingly, there is only one significant difference between 0° and 
90° handhold rotation.  
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.0995      
90° 0.0076 0.0281     
135° 0.0022 0.0029 0.1579   SLOW 
180° 0.0037 0.0229 0.3882 0.6949   
-90° 0.0051 0.0051 0.0051 0.0051 0.0051  
       
0°       
45° 0.0844      
90° 0.0121 0.0281     
135° 0.0022 0.0029 0.0995   MED 
180° 0.0029 0.0022 0.0047 0.0995   
-90° 0.0093 0.0051 0.0051 0.0051 0.0051  
       
0°       
45° 0.1823      
90° 0.0037 0.0121     
135° 0.0150 0.0414 0.2393   FAST 
180° 0.0076 0.0121 0.1579 0.8753   
-90° 0.0926 0.0218 0.0125 0.0284 0.0125  
Table 15: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left TT. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.0546      
90° 0.0058 0.3109     
135° 0.0030 0.0058 0.1330   SLOW 
180° 0.0060 0.0121 0.1361 0.4802   
-90° 0.0022 0.0022 0.0022 0.0022 0.0033  
       
0°       
45° 0.0464      
90° 0.0071 0.0546     
135° 0.0015 0.0159 0.1730   MED 
180° 0.0022 0.0047 0.0712 0.0414   
-90° 0.0037 0.0029 0.0022 0.0022 0.0033  
       
0°       
45° 0.0392      
90° 0.0030 0.2489     
135° 0.0019 0.1005 0.5525   FAST 
180° 0.0029 0.0047 0.1167 0.1167   
-90° 0.0037 0.0060 0.0022 0.0022 0.0033  
Table 16: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right TT. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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A rather different picture is shown for the TA (Figure 30), where only very few significant 
differences were revealed (Table 17, Table 18) and the handhold rotation does not seem to 
have much of an effect on the muscle activation under any of the three pulling velocities.  
  
Figure 30: Influence of handhold rotation on the mean maximum muscle activation of the left and right TA in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.3824      
90° 0.9165 0.5525     
135° 0.2787 0.0192 0.0330   SLOW 
180° 0.1520 0.0231 0.0464 0.1961   
-90° 0.2132 0.1823 0.1307 0.2477 0.4236  
       
0°       
45° 0.1961      
90° 0.6002 0.0747     
135° 0.1961 0.0030 0.1005   MED 
180° 0.0464 0.0071 0.0192 0.1005   
-90° 0.0912 0.0754 0.0619 0.1307 0.1477  
       
0°       
45° 0.3454      
90° 0.9721 0.4631     
135° 0.2310 0.0046 0.0071   FAST 
180° 0.0330 0.0131 0.0640 0.6496   
-90° 0.3281 0.2132 0.4236 1.0000 0.5937  
Table 17: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left TA. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.8753      
90° 0.8753 0.7776     
135° 0.0962 0.1240 0.1094   SLOW 
180° 0.1730 0.4216 0.1730 0.3454   
-90° 0.3465 0.3465 0.2393 0.4328 0.8589  
       
0°       
45° 0.5936      
90° 0.6832 0.2719     
135° 0.1401 0.0962 0.0640   MED 
180° 0.3454 0.2489 0.3109 0.5525   
-90° 0.3882 0.3882 0.4802 0.7537 0.3739  
       
0°       
45° 0.6832      
90° 0.8261 0.5509     
135° 0.0413 0.0186 0.1240   FAST 
180° 0.0231 0.0464 0.1159 0.3824   
-90° 0.2393 0.6949 0.4802 0.8139 0.9292  
Table 18: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right TA. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
The left and right LD show the trend to have the highest activation at a handhold rotation of 
45° and the lowest one at a rotation of -90° (Figure 31) at all pulling velocities. While on the 
left side the significant differences are most of the times only between -90° and the other 
handhold rotations, especially on the right side there seem to be only a few non-significant 
differences (Table 19, Table 20). 
  
Figure 31: Influence of handhold rotation on the mean maximum muscle activation of the left and right LD in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.2489      
90° 0.7532 0.0869     
135° 0.1330 0.0024 0.0330   SLOW 
180° 0.2860 0.0329 0.0754 0.2132   
-90° 0.0044 0.0033 0.0033 0.0033 0.0051  
       
0°       
45° 0.1961      
90° 0.5525 0.0046     
135° 0.1330 0.0024 0.0392   MED 
180° 0.0580 0.0186 0.0499 0.1361   
-90° 0.0033 0.0033 0.0033 0.0044 0.0093  
       
0°       
45° 0.3824      
90° 0.9375 0.0597     
135° 0.0392 0.0015 0.0121   FAST 
180° 0.0186 0.0060 0.0164 0.1167   
-90° 0.0033 0.0033 0.0033 0.0033 0.0125  
Table 19: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left LD. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
 
 0 45 90 135 180 -90 
0°       
45° 0.2560      
90° 0.1728 0.0199     
135° 0.0022 0.0012 0.0231   SLOW 
180° 0.0219 0.0063 0.0736 0.1240   
-90° 0.0046 0.0071 0.0058 0.0392 0.3465  
       
0°       
45° 0.4603      
90° 0.1398 0.0022     
135° 0.0015 0.0008 0.0106   MED 
180° 0.0015 0.0029 0.0035 0.0962   
-90° 0.0019 0.0030 0.0037 0.0131 0.0844  
       
0°       
45° 0.1914      
90° 0.4955 0.0031     
135° 0.0010 0.0007 0.0022   FAST 
180° 0.0035 0.0019 0.0092 0.0962   
-90° 0.0015 0.0015 0.0015 0.0015 0.0150  
Table 20: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right LD. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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The ES does not seem to be affected much by the alteration of handhold rotation (Figure 32). 
The only significant differences that could be found were between 45° and 90° at slow and 
medium pulling on the left side (Table 21) and between 90° and 135° while fast pulling on the 
right side (Table 22). 
  
Figure 32: Influence of handhold rotation on the mean maximum muscle activation of the left and right ES in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.0150      
90° 0.6496 0.0047     
135° 0.6002 0.0076 0.6002   SLOW 
180° 0.8753 0.1095 0.8139 1.0000   
-90° 0.1823 0.0329 0.2393 0.3078 0.7897  
       
0°       
45° 0.0231      
90° 0.3109 0.0071     
135° 0.3824 0.0088 0.5525   MED 
180° 0.9375 0.4802 0.6949 0.2721   
-90° 0.1361 0.0281 0.1361 0.4328 0.1823  
       
0°       
45° 0.1003      
90° 0.5067 0.6496     
135° 0.5525 0.0640 0.2213   FAST 
180° 0.8753 0.1823 0.2094 0.5829   
-90° 0.5829 0.2094 0.378 0.4328 0.6566  
Table 21: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left ES. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.8153      
90° 0.4703 0.7776     
135° 0.3003 0.2719 0.6378   SLOW 
180° 0.8068 0.6002 0.8613 0.7007   
-90° 0.0281 0.0844 0.0186 0.1579 0.1095  
       
0°       
45° 0.7776      
90° 0.9250 0.7299     
135° 0.1578 0.0555 0.0355   MED 
180° 0.6496 0.7007 0.5067 0.3454   
-90° 0.0281 0.0499 0.0281 0.2393 0.1823  
       
0°       
45° 0.6378      
90° 0.3627 0.9250     
135° 0.0640 0.0092 0.0043   FAST 
180° 0.3109 0.1159 0.0392 0.3454   
-90° 0.1579 0.1167 0.0995 0.4802 0.5937  
Table 22: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right ES. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
The activation of the MF tends to increase slightly from a low handhold rotation to a higher 
one under slow and medium pulling velocity (Figure 33). Under a fast velocity, the result is 
more indifferent, but still the highest at -90°. Nearly no significant differences could be found, 
except between -90° handhold rotation compared 0°, 45° and 90° at slow and medium pulling 
on the left side (Table 23, Table 24). 
  
Figure 33: Influence of handhold rotation on the mean maximum muscle activation of the left and right MF in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.2805      
90° 0.6909 0.3942     
135° 0.2330 0.8647 0.4265   SLOW 
180° 0.0186 0.1401 0.0052 0.0303   
-90° 0.0024 0.0037 0.0015 0.0088 0.3465  
       
0°       
45° 0.7333      
90° 0.0995 0.9096     
135° 0.1728 0.6092 1.0000   MED 
180° 0.0157 0.0555 0.0555 0.0640   
-90° 0.0015 0.0024 0.0037 0.0231 0.2393  
       
0°       
45° 0.5701      
90° 0.5701 0.5701     
135° 0.9547 0.9096 0.6909   FAST 
180° 0.7776 0.8261 0.5509 0.8753   
-90° 0.3454 0.6002 0.5525 0.6496 1.0000  
Table 23: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left MF. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.5936      
90° 0.7776 0.8753     
135° 0.1094 0.4703 0.1981   SLOW 
180° 0.1005 0.1730 0.1159 0.5067   
-90° 0.0229 0.0414 0.0060 0.0844 0.6566  
       
0°       
45° 0.5509      
90° 0.1094 0.3627     
135° 0.3003 0.3003 0.8753   MED 
180° 0.0088 0.0058 0.0546 0.1005   
-90° 0.0281 0.0342 0.0995 0.0597 0.8589  
       
0°       
45° 0.4326      
90° 0.0132 0.0186     
135° 0.9750 0.7776 0.0480   FAST 
180° 0.3109 0.4216 0.7532 0.2213   
-90° 0.0844 0.0844 0.8753 0.1361 0.4769  
Table 24: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right MF. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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For the RA the situation changes between slow and medium pulling speed compared to the 
fast pulling speed. Whereas under the two “slower” velocities the muscle activation is highest 
at -90° handhold rotation on both sides, for the fast pulling the highest activation was reached 
at 0° rotation (Figure 34). However, differences are very low in general and only significant 
differences could be found between 90° and -90° at slow pulling on the left side (Table 25) 
and slow and medium pulling on the right side (Table 26). 
  
Figure 34: Influence of handhold rotation on the mean maximum muscle activation of the left and right RA in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.7532      
90° 0.9721 0.6496     
135° 0.3109 0.3824 0.6496   SLOW 
180° 0.8753 0.4328 0.9375 0.2721   
-90° 0.1549 0.1307 0.0033 0.2860 0.1141  
       
0°       
45° 0.8068      
90° 0.1961 0.2787     
135° 0.3454 0.5067 0.2787   MED 
180° 0.1823 0.1579 0.3078 0.5829   
-90° 0.1549 0.0164 0.0409 0.2477 0.4446  
       
0°       
45° 0.0747      
90° 0.4216 0.1961     
135° 0.0640 0.6496 0.5067   FAST 
180° 0.0342 0.6949 0.7537 0.9375   
-90° 0.2477 0.7221 0.6566 1.0000 0.6465  
Table 25: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left RA. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.6496      
90° 0.5525 0.8068     
135° 0.8068 0.5067 0.4631   SLOW 
180° 0.9375 0.4802 0.5829 0.7537   
-90° 0.1095 0.0505 0.0044 0.1095 0.3863  
       
0°       
45° 0.9165      
90° 0.3824 0.2787     
135° 0.4631 0.8613 0.2213   MED 
180° 0.1579 0.3078 0.1579 0.2094   
-90° 0.1307 0.1095 0.0058 0.1823 0.4446  
       
0°       
45° 0.0546      
90° 0.1005 0.2213     
135° 0.1330 0.5525 0.7532   FAST 
180° 0.1361 0.6379 0.7537 0.9375   
-90° 0.1823 0.9292 0.7897 0.7879 0.3863  
Table 26: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right RA. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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Handhold rotation did not seem to influence the maximum activation of the OE (Figure 35) 
and the results revealed only two significant differences on the left side while fast pulling 
(Table 27, Table 28). 
  
Figure 35: Influence of handhold rotation on the mean maximum muscle activation of the left and right OE in percent of 
medium pulling speed at 0° handhold rotation. The handhold rotation increases from the left to the right for each group of 
bars (-90° equals 270°). Light blue: 0°, orange: 45°, grey: 90°, yellow: 135°, dark blue: 180°, green: -90°.  
** p ≤ 0.001, * p ≤ 0.0071. 
 
 0° 45° 90° 135° 180° -90° 
0°       
45° 0.8068      
90° 0.9165 0.6002     
135° 0.7007 0.4216 0.9721   SLOW 
180° 0.6566 0.7897 0.5937 0.6566   
-90° 0.3281 0.5937 0.4236 0.2860 0.7213  
       
0°       
45° 1.0000      
90° 0.7532 0.8753     
135° 0.2787 0.2393 0.2787   MED 
180° 0.3882 0.1307 0.2721 0.8753   
-90° 0.6566 0.7213 0.9292 0.8589 0.6465  
       
0°       
45° 0.2213      
90° 0.9165 0.0464     
135° 0.0546 0.2787 0.0088   FAST 
180° 0.0029 0.4140 0.0060 0.2721   
-90° 1.0000 0.5937 0.7897 0.1823 0.1141  
Table 27: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of left OE. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
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 0° 45° 90° 135° 180° -90° 
0°       
45° 0.6496      
90° 0.4328 0.6379     
135° 0.4216 0.5525 0.5303   SLOW 
180° 0.5076 0.5751 0.7213 0.2411   
-90° 0.2477 0.3281 0.0125 0.4769 0.3743  
       
0°       
45° 0.7007      
90° 0.9375 0.5303     
135° 0.0869 0.1730 0.4802   MED 
180° 0.5337 0.1823 0.4236 0.9292   
-90° 1.0000 1.0000 0.9292 0.1307 0.1731  
       
0°       
45° 0.4631      
90° 0.6949 0.2721     
135° 0.1730 0.8068 0.3078   FAST 
180° 0.0150 0.3882 0.0128 0.3882   
-90° 0.7897 0.5337 0.3329 0.5337 0.0745  
Table 28: Exact p-values calculated with the Wilcoxon signed rank test (alpha = 0.0071) for the influence of handhold 
rotation on the maximum muscle activation of right OE. Bold: p ≤ 0.001, italic: 0.001 < p ≤ 0.0071, red: p > 0.0071. 
 
Similar tables as above, showing the absolute differences between different handhold 
rotations of all muscles, can be found in appendix B. 
6.5. Correlation between Maximum Resulting Force and 
Muscle Activation 
Table 29 shows the results of the Spearman correlation coefficient, where the effect sizes are 
highlighted based on the classification by Cohen (1992), regardless of the effect whether it is 
a positive or negative correlation. 
The most correlations with a large effect size could be found between muscle activation and 
resulting force at a handhold rotation of 0°. The number of large effects decreases with 
increasing handhold rotation. 
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 0° 45° 90° 135° 180° -90° 
TD left 0.672 0.390 0.329 0.336 0.354 -0.045 
TD right 0.674 0.453 0.519 0.536 0.552 0.259 
TT left 0.599 0.370 0.396 0.390 0.438 0.305 
TT right 0.619 0.345 0.372 0.467 0.360 -0.221 
TA left 0.421 0.324 0.490 0.402 0.367 0.317 
TA right 0.146 0.055 0.199 0.153 0.171 0.193 
LD left 0.512 0.224 0.401 0.276 0.266 0.447 
LD right 0.488 -0.011 0.272 0.267 0.184 0.135 
ES left 0.702 0.501 0.529 0.272 0.385 0.217 
ES right 0.449 0.378 0.370 0.267 0.221 0.205 
MF left 0.724 0.633 0.573 0.528 0.600 0.598 
MF right 0.665 0.511 0.641 0.593 0.561 0.687 
RA left 0.755 0.523 0.472 0.440 0.484 0.355 
RA right 0.593 0.374 0.416 0.428 0.415 0.348 
OE left 0.674 0.538 0.534 0.367 0.457 0.383 
OE right 0.609 0.382 0.471 0.529 0.456 0.461 
Table 29: Spearman correlation coefficient between muscle activation of all muscles and the resulting force at the left or right 
climbing, respectively. Effect size according to Cohen (1992): bold: large, green: medium, yellow: small, red: no. 
The correlation is significant (alpha = 0.05) in all except the following conditions: 
 TD left and right at -90° 
 TT left and right at -90° 
 TA left at -90° 
 TA right at all handhold rotations 
 LD left at 45°, 135° and 180° 
 LD right at 45°, 90°, 135°, 180°, and -90° 
 ES left at 135° and -90° 
 ES right at 135°, 180° and -90° 
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CHAPTER 7 
Discussion and Conclusion 
 
8.1. Discussion of Literature Review 
Literature review revealed that there has been quite a high interest in the scientific research of 
climbing and that the generally positive effects of climbing have been made clear in terms of 
several parameters, such as an increase of muscle strength, a decrease of anxiety and high 
physiological demands (Küpper, 2005; Bernstädt & Kittel, 2008a; Kowald & Zajetz, 2015a; 
Zajetz, 2015). At the same time, climbing exposes a very low level of risk of injury (Küpper, 
2005), with the fingers being the most affected structures, mainly due to extremely small 
handholds in competitive and sports climbing and the feet being mainly affected due to the 
tight climbing shoes (Peters, 2001; Rooks, 1997; Schöffl, 2012; Schöll & Hefti, 2010; 
Schweizer, 2012; Shea et al., 1992). Other than that there are hardly any contra-indications 
regarding climbing. 
The scientific interest in climbing specific force measurement seems to be split between two 
different fields. On the one hand, a biomechanical interest in order to investigate injury 
mechanisms, mainly of the fingers, could be identified (Niegl et al., 2006; Schöffl et al., 2007; 
Schöffl et al., 2009a; Schöffl et al., 2009b; Schweizer, 2000; Schweizer, 2001; Schweizer & 
Hudek, 2011; Tan et al., 2008; Vigouroux et al., 2006; Vigouroux et al., 2008). On the other 
hand, there has been a clear interest in climbers’ performance in terms of climbing specific 
grip strength (Baláš et al., 2012; Cutts & Bollen, 1993; Fanchini et al., 2013; Fuss et al., 
2004a; Grant et al., 1996; Grant et al., 2001; Quaine et al., 2003a; Quaine et al., 2003b; Watts 
& Jensen, 2003). 
However, only very few of the above presented studies have been carried out directly on 
climbing walls or by the use of actual climbing holds. Most of the research groups either used 
commercially available hand dynamometry systems in order to measure strength or self-
developed, but very simplified, though climbing specific force measurement devices that 
could be used easily under lab conditions for repeatable measurements. Just few different 
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approaches in terms of force measurement systems measuring forces in one or more 
directions that could be integrated directly into climbing routes or at least use actual climbing 
holds instead of (for example) wooden blocks were identified. 
Concerning the positive effects of climbing, these cannot entirely be confirmed for 
therapeutic climbing yet. Some attempts were made to document the successful treatment of 
different indications by the use of therapeutic climbing (Engbert & Weber, 2011; Heitkamp, 
Mayer, & Böhm, 1999; Heitkamp, Wörner, & Horstmann, 2005; Muehlbauer, Stuerchler, & 
Granacher, 2012; Schinhan et al., 2012; Schinhan et al., 2016). However, it is not always 
clearly described what this type of therapy exactly includes and how the treatments were 
planned. Therefore, other researchers started looking at the general effects of therapeutic 
climbing, such as investigating the muscle activation of simplified exercises (Grzybowski et 
al., 2014; Kim & Seo, 2015; Mally et al., 2013; Mühlbauer et al., 2013; Park et al., 2015; 
Pühringer et al., 2017a; Pühringer et al., 2017b; Strutzenberger et al., 2017a; Strutzenberger et 
al., 2017b). Of course, within a clinical institution this is what therapeutic climbing does often 
look like. More realistically, however, treatment studies rather talk about climbing specific 
training, which most likely includes the climbing of actual routes that were chosen by the 
therapist based on the given indication. Therefore, it is thought that results of investigative 
studies might only partly be transferable to what therapeutic climbing can actually include. 
Nevertheless, this field of research should still be pushed forward step by step, as therapeutic 
climbing does have a certain justifiability even only due to the positive effects of climbing, 
combined with the low number of contra-indications and the high controllability through the 
therapist. Especially in German speaking areas, this is further supported by approximately 50 
more potentially fitting (non-scientific) articles published in different German or Austrian 
printed physiotherapy journals, dealing with the presentation of positive treatments and 
therefore the potentials of this therapeutic discipline. However, unfortunately only a list of 
which could be found online (franticwall, 2017), but the articles could not be obtained. 
More specifically to the exercise presented in this study, it has been found that the effect of 
different handhold positions on the muscle activation during static holding had previously 
been of interest (Grzybowski et al., 2014; Pühringer et al., 2017a; Pühringer et al., 2017b; 
Strutzenberger et al., 2017a; Strutzenberger et al., 2017b). However, the influence of which 
under dynamic conditions has not been investigated at all. In addition, although seemingly 
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important in the late phases of rehabilitation of musculoskeletal injuries (Hayes et al., 2002; 
Jaggi, & Lambert, 2010; Kibler, 1998; Kibler et al., 2001; Reinold et al., 2010; Rubin, & Kibler, 
2002; Wilk, & Arrigo, 1993a; Wilk et al., 1993b; Wilk et al., 2002), the influence of different 
exertion speeds has not been evaluated in therapeutic climbing yet. 
8.2. Discussion of Methodology 
In the early stage of the project, a partial objective of the study was the development of an 
instrumented climbing hold, where the three-axis force sensors would be directly integrated 
into the hold without any further assembling necessary. This had to be rejected soon due to 
the lack of financial aids in order to purchase suitable force sensors to instrument at least two 
climbing holds. Hence, two ME K3D120 force sensors were chosen as an alternative option, 
which fulfilled all criteria except the integration into the hold. Due to the measurement 
principle based on strain gauges those sensors are suitable for both static and dynamic 
measurements, which was an important factor for the here presented application. 
With the given sensor system and the available myon 320 sEMG system the simultaneous 
recording of force and EMG data could easily be realized by the use of NI USB DAQs and a 
LabVIEW Signal Express project. Through this, the use of one EMG channel solely as an 
external trigger channel and therefore losing one muscle to investigate could be avoided. 
The overall number of subjects was chosen comparable to previous studies in the field of 
biomechanics. Thirteen of the fifteen subjects could be acquired via the mailing lists of the 
staff of the department of Biomedical, Health & Sports Engineering and the student body of 
the study program Sports Equipment Technology, both at the UAS Technikum Wien, whereof 
seven counted as staff at the time of measurements and six were students. One subject was a 
staff member of the department of Advanced Engineering Technologies and took notice of the 
study via the written information on a notice board in the university hallway and one subject 
was a staff member of the department of Applied Mathematics & Science and took notice of 
the study via oral transmission. The subject characteristics were nicely spread within the 
proposed age and BMI range, whereas two subjects showed actually higher BMI values than 
originally defined as an exclusion criterion. As this higher value for both was expected to be a 
result of extensive strength training rather than subcutaneous tissue, they were still included in 
the study. Although different findings regarding BMI and other subcutaneous fat 
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measurements concerning EMG studies were found (Hemingway, Biedermann, & Inglis, 
1995; Nordander et al., 2003), BMI was chosen over skin fold calliper, due to the high 
number of muscles included in the study. In earlier, similar studies it was often differentiated 
between climbers and non-climbers. In this case, both groups of individuals were intentionally 
included and treated as just one group of subjects. It was assumed that this differentiation is 
not made before an actual therapy either and that both climbers and non-climbers could be 
treated with the same type of exercises, just depending on the indication. All subjects were 
healthy at the time of measurements and it was not an aim of the study to detect some kind of 
therapeutic outcome. 
Although criticized before, just like in previous studies the exercise chosen to investigate is a 
very simplified exercise on a therapeutic climbing wall under lab conditions. As the research 
in this field is still young, two ways of adapting this exercise were chosen rather than a more 
complex exercise, which, however, might represent actual therapy more realistically. An 
increasing complexity could lead to a decrease of comparability between subjects and 
therefore at this point was not the option of choice. The rotation of handholds in terms of 
different route setting and the adaption of movement velocity are two commonly used ways of 
altering the difficulty of a therapeutic climbing exercise (Kittel, 2010). 
A repeated measures approach was chosen in terms of number of repetitions for each 
condition of the exercise in order to reach a statistically relevant parameter for each subject, 
since EMG measurements can knowingly lead to high intra-subjective variances and 
considering only single pulls would not seem correct.  
Unexpectedly in that way, not all subjects were able to perform the chosen adaptions of the 
exercise and the number of repetitions. For three out of the 15 subjects, one rotation of the 
climbing hold had to be completely dismissed or could not be performed at all. In two cases 
this concerned the rotation of -90°, whereas in one case the subject could not perform the 
exercise at 180° handhold rotation. Due to the randomized order, however, this happened at 
different times within the measurements and in all cases the measurements could be continued 
with another handhold rotation after a short break or the affected rotation concerned the last 
rotation. Interestingly, two out of the three subjects, who experienced this problem claimed to 
have been climbing before. In general, especially the handhold rotations of 180° and -90° led 
to bigger problems in performing than expected. Nearly all subjects reported problems 
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keeping their hold after a series of pulls, which was even more noticeable during slow pulls. 
In the beginning of the measurements subjects tended to shorten breaks in-between trials. In 
that case, fatigue of the finger flexors and forearm muscles would have become a limiting 
factor. However, as long as breaks were kept as demanded by the investigator, all pulls could 
be performed satisfactorily by most subjects. Fatigue of the investigated muscles was not 
expected to play a major role. All measurements including the application of the EMG 
electrodes were conducted and supervised by the primary research student in order to keep the 
possible influence of different investigators to a minimum. 
Regarding data treatment, force data could be treated as planned, after the problem regarding 
the spikes in some of the signals could be resolved. The force sensors were not calibrated, as a 
normalization to the IP at 0° handhold was chosen instead of a common normalization to 
bodyweight. In the chosen method bodyweight as well as wall inclination are taken into 
account automatically. Evaluation of the EMG data on the other hand brought some 
unexpected difficulties. It was originally planned to evaluate frequency components and 
iEMG as well. However, due to the irregular and yet inexplicable missing of data points in 
many of the pulls as described in 5.5.2 it did not seem correct to analyse neither spectral 
components nor the integrated signal. Therefore, the maximum activation had to be chosen as 
the only appropriately measureable parameter. An amplitude normalization to the mean 
maximum of all pulls under 0° handhold rotation with medium pulling was performed. This 
was preferred over an MVC normalization due to the high number of muscles and therefore 
the high amount of time and effort it would cost the subjects to perform proper MVC 
measurements. In terms of the statistical analysis, a nonparametric test had to be chosen, due 
to inconsistency in the normality of the data and an unbalanced set of results. A 
transformation might have been possible for some data, but was not an option as 
approximately half the data was not normally distributed.  
8.3. Influence of Pulling Velocity 
The pulling velocity directly influences the resulting force measured at the climbing holds. 
There was a significant increase of force measured on both sides between all velocities, most 
of which were even highly significant (Figure 18). On the one hand, this seems to be a logical 
development since a higher pulling velocity could only be achieved through a higher 
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acceleration, which is knowingly directly related to force. However, in a way it is still 
conflicting with the muscle biomechanics according to Hill (1938, 1951). In the given 
exercise, pulling is realised via a concentric flexion of the elbows. In this type of contraction 
muscle force output has been reported to decrease with increasing contraction velocity. 
Therefore, it has to be assumed that the increase in force must be achieved through a change 
in activation strategy. For example this could be done via the activation of different typed of 
muscle fibres depending on the demanded contraction velocity and hence force output. 
In terms of the influence of pulling velocity on the muscle activation, different reactions could 
be found. For most muscles, the maximum activity significantly increases during fast pulling, 
but there is not always a significant increase between slow and medium pulling (Figure 19 to 
Figure 26). Findings for the muscles of the upper back (TD, TT, TA and LD) showed that the 
absolute differences are clearly lower for the TA (Figure 21) and LD (Figure 22) compared to 
the TT (Figure 20) and TD (Figure 19). While an increase from slow to fast or medium to fast 
pulling velocity seems to significantly increase the maximum activation of the TD and TT 
between 0° and 180° handhold rotation, there are only very few significant changes for the 
TA and LD. However, it cannot be said that the influence of pulling velocity decreases, the 
lower the investigated muscles are, since the lower back muscles (ES and MF) show 
significant differences under all handhold rotations. Especially the MF seems to be highly 
influences by pulling velocity between 0° and 135° handhold rotation between slow and fast 
and medium and fast pulling (Figure 24). High absolute and significant differences could also 
be found for the two investigated abdominal muscles RA and OE (Figure 25 and Figure 26). 
Overall, only little significant differences could be found between slow and medium pulling 
velocity in terms of maximum activation.  
Regarding the first research question, H1 can therefore only partly be confirmed. While the 
hypothesis was correct for the parameter of the resulting force, which significantly increased 
with increasing pulling velocity, it has to be falsified in terms of muscle activation. Although 
the absolute differences varied between different muscles, especially the abdominal muscles 
(but also the low back muscles) showed a significantly high influence of the pulling velocity, 
which was not expected as such. Hence, maximum muscle activation of upper back and core 
muscles increased under fast pulling velocity.  
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However, although the highest maximum activation was recorded for all muscles while 
pulling with fast velocity in this study with healthy subjects, fast pulling might not be a 
satisfying option in an actual therapeutic environment. While for example when working with 
patients of high sportive caliber, fast pulling can, be an option to challenge their abilities at 
all, in certain cases, the explosive performing of exercises could bear additional risks of 
injury, which would even out the positive effects. Since the level of maximum activation is 
rather comparable between slow and medium pulling, but yet the time characteristics show 
clear differences between those two velocities (Figure 17) especially in this case the 
parameter iEMG would have been interesting to compare. It can be suspected that slow 
pulling might lead to a high effect in terms of overall muscle output, without overstraining 
any of the investigated muscles. Hence, probably a combination of varying pulling velocity 
between slow and sub-maximal speed will lead to the highest demands. 
8.4. Influence of Handhold Rotation 
Handhold rotation shows a clearly smaller influence on the resulting forces compared to 
pulling velocity. Forces tend to increase between 0° and 135°, starting from which they often 
decrease again and mostly reach their lowest value at -90° handhold rotation. The absolute 
differences, however, are rather small in all cases (Figure 27).  
Especially at -90° handhold rotation the TD shows a significantly increased muscle activation 
compared to all other rotations, except for fast pulling on the right side. This can be explained 
by a higher shoulder abduction the subject had to perform in order to hold on to the handhold 
at this rotation. Often, the lowest activation could be seen at 45° handhold rotation, while 
seemingly increasing from 0° to -90° otherwise (Figure 28).  
As extreme tension of neck muscles is a common problem in today’s society and the TD is 
one majorly affected muscle in this matter, it can currently be recommended to use handhold 
rotations between 0° and 90° rather than higher rotation angles. Rotations from 135° to -90° 
should only be used with patients, where neck tension is not an issue and who the therapist 
can be sure of that the patient can withstand these rather high demands during the higher 
rotation angles. Most likely, as in any type of therapy, a certain variability within the given 
range might offer the most promising results. 
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Also the TT shows its highest activation at -90°, with significant differences under all pulling 
velocities except at fast pulling on the left side. In this case, the highest differences could be 
found between 180° and 90°, while 180° was probably the position with the lowest abduction 
in the shoulder compared to the highest abduction at -90°. Other than for the TD, the 
activation of the TT significantly decreases from 0° to 180° in most cases (Figure 29). 
Therefore, for example if strengthening of the TT is an objective during therapy, but the 
patient suffers from reoccurring tension of the neck muscles, the exercise should be 
performed at 0° handhold rotation with a slow or medium pulling velocity. Hence, the 
increase of tension for the TD would be kept to a minimum, while the TT can still be higher 
activated compared to 45°, 90°, 135° and 180° handhold rotations at the same pulling 
velocity. 
Significant differences for the TD between internal rotation (i.e. -90°) and other positions 
could already be revealed by Pühringer et al. (2017b) and Strutzenberger et al. (2017a) under 
static conditions and can be confirmed by the findings of this study also for dynamic pulls. 
This also partly applies to the comparison between 0° and -90° for the TT, especially for the 
right hand. However, a significant difference between 0° and 90°, as indicated by their 
findings for both TD and TT could not be supported in a dynamic setting. A reason might be, 
that in the previous studies also the height of the handholds changed with changing rotation 
and the 0° handhold was installed in shoulder height, compared to breast height in this study. 
While Pühringer et al. (2017b) and Strutzenberger et al. (2017a) found significant differences 
for the TA between 180° compared to 0°, 90° and -90° under static holding, these findings 
can hardly be confirmed for dynamic pulling based on the findings in this study. Comparing 
to their findings there was a significant difference between 90° and 180° at medium pulling 
speed, but only on the left side. However, the TA seems mostly unaffected by changing the 
handhold rotation (Figure 30). 
The LD had its highest level of activation at a handhold rotation of 45°, followed by 0° and 
90°, whereas -90° led to the significantly lowest activation of this muscle. This pattern can be 
observed continuously throughout all pulling velocities (Figure 31). A handhold rotation of 
45° is therefore recommended if the strengthening of this muscle is the primary goal. 
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Interestingly, the ES showed a very similar behaviour as the TA (Figure 32) and together with 
the other investigated core muscles (MF, RA, OE) it does not seem to be much influences by 
alternation of handhold rotation (Figure 33, Figure 34, Figure 35). Although, the MF revealed 
significant differences between -90° and some 0° to 90° under slow and medium pulling on 
the left side. However, these findings are not consistent with the right side (Figure 33). 
Although significant differences were revealed between the resulting force at different 
handhold rotations, indicating to falsify the second hypothesis regarding this parameter, the 
differences were rather small compared to the absolute force values and inconsistent between 
left and right side. Muscle activation of the upper and middle parts of the trapezius muscle 
was clearly influenced by altering of the handhold rotation, while this did not affect the lower 
part of the trapezius. Therefore, this part of H2 can only be confirmed for two of the three 
parts. Especially compared to the TD and TT, mostly insignificant effects of handhold 
rotation on the activation of the abdominal muscles and the muscles of the lower back region 
were observed. Therefore, the hypothesis in this regard could be confirmed rather than 
rejected. 
8.5. Correlation between Maximum Resulting Force and 
Muscle Activation 
In 31 out of 96 conditions (combination of handhold rotation and investigated muscle), a large 
effect size of direct correlation between maximum muscle activation and maximum resulting 
force under all conditions could be found. All of correlations with large effects are positive 
correlations. Looking at Table 29 it seems that handhold rotation influences the correlation, 
whereas most high correlations were found at 0° handhold rotation (11 out of 15) with 
decreasing numbers from there on. Since at 45° already only 5 out of 15 muscles show a high 
correlation between maximum resulting force and activation, H3 can only be confirmed for 
most muscles at 0° handhold rotation. At all other rotations the overall effects seem to be too 
low. 
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8.6. Limitations 
The main limitation of this study, as pointed out already, is the fact that only one simplified 
exercises has been chosen to investigate and that this study does not differ much from 
previous studies in this matter. However, the influence of pulling velocity has never been 
investigated before and the influence of handhold rotation has not been investigated under 
dynamic conditions. Therefore, the results are assumed to contribute to the overall 
understanding of therapeutic climbing. 
The number of subjects is not seen as a limitation as is, however, the fact that the subjects had 
to perform a rather high number of pulls within one day of measurements could have affected 
the results to an uncertain level. Also within this study design, the actual therapeutic effects 
were not and can in no way be investigated. This is on the one hand due to the single day of 
measurements and on the other hand due to the choice of allowing only healthy subjects to 
take part in the study. As the primary investigator, however, is not a trained therapist, this 
might have led to ethical issues. 
The normalization of the EMG data to an amplitude recorded within the actual measurements 
and the decision not to use MVC normalization (due to different reasons as stated already) 
does provide only limited options to compare the results to data collected within previous 
studies. Nevertheless, overall findings regarding handhold rotations could be compared as 
included in the chapter above. 
Last, but not least, the low budget available imposed a restriction on the selection of force 
sensors in the early stage of the project. However, this is not expected to have influenced the 
final outcome in any way, but only led to the dismissal of the partial objective of integrating 
the force sensors directly into a climbing hold. 
8.7. Conclusion 
In the present study, a therapeutic climbing exercise was investigated in the regards of the 
influence of pulling velocity and handhold rotation on the maximum resulting force and 
muscle activation. According to the before conducted literature review no previous study 
could be identified to investigate the influence of pulling velocity on the muscle activation of 
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upper body muscles, although highly dynamic exercises are recommended to be included in 
several rehabilitation programs. 
The current findings suggest that a differentiation should be made between sub-maximal and 
maximal (explosive) pulling velocity regarding the parameter of maximum muscle activation, 
but also in terms of absolute maximum resulting force. While this does not take into account 
any temporal measures, most of the found significant differences in muscle activation were 
revealed at fast pulling. There, the level of activation could clearly be increased in upper back 
and core muscles compared to both other velocities. Therefore, highly dynamic pulling 
indicates a higher effect in muscle training is a therapeutic context, especially for the athletic 
shoulder after atraumatic instability and for strengthening of the core stabilizing muscles. The 
change of handhold rotation was found more to specifically effect to the upper and middle 
trapezius (TD and TT) compared to all other muscles and the maximum resulting force.  
In combination, the pulling velocity and handhold rotation in the investigated exercise seem 
to be most useful regarding the upper back muscles. With the known effects therapy can 
either be aimed on focusing on strengthening of those muscles (e.g. in late shoulder 
rehabilitation) or intentionally prevent overstraining (e.g. with patients with stressed neck 
syndrome), while constantly demanding core stability. 
However, further investigation regarding the evaluation of the overall muscle performance in 
terms of iEMG, where not only the maximum amplitude, but also the aspect of activation 
timing would be considered, is recommended. 
Although a high number of large effect correlations between maximum muscle activation and 
resulting force at the climbing holds could be found at 0° handhold rotation, the low number 
of high correlations at all other handhold rotations does not indicate the use of this knowledge 
for the development a supporting feedback system yet. This conclusion might also be subject 
to change, when further insights about iEMG could be found. 
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APPENDIX A: ABSOLUTE DIFFERENCES IN MUSCLE ACTIVITY 
BETWEEN DIFFERENT HANDHOLD ROTATIONS 
 
Note: The differences shown in the tables below are the differences between the mean values 
presented in the bar graphs above. Hence, values are the difference between two mean values 
and given in [%max0med]. 
 
TD left 
 0° 45° 90° 135° 180° -90° 
0°            
45° -3.48          
90° 13.88 17.36        
135° 22.68 26.17 8.80     SLOW 
180° 28.12 31.60 14.24 5.44    
-90° 99.45 102.93 85.57 76.76 71.33  
            
0°            
45° 3.03          
90° 24.73 21.70        
135° 27.88 24.85 3.15     MED 
180° 32.11 29.08 7.38 4.23    
-90° 101.13 98.10 76.40 73.25 69.02  
            
0°            
45° -19.46          
90° 4.85 24.31        
135° 16.94 36.40 12.09     FAST 
180° 19.62 39.08 14.76 2.68    
-90° 44.67 64.13 39.82 27.73 25.05  
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TD right 
 0° 45° 90° 135° 180° -90° 
0°            
45° -1.80          
90° 18.25 20.04        
135° 29.25 31.05 11.01     SLOW 
180° 22.02 23.81 3.77 -7.24    
-90° 120.44 122.24 102.20 91.19 98.43  
            
0°            
45° 3.69          
90° 22.93 19.24        
135° 32.45 28.76 9.52     MED 
180° 27.38 23.69 4.44 -5.07    
-90° 127.68 123.99 104.75 95.23 100.31  
            
0°            
45° -29.88          
90° 8.90 38.78        
135° 13.14 43.02 4.24     FAST 
180° -6.36 23.52 -15.26 -19.50    
-90° 62.30 92.18 53.40 49.16 68.66  
 
 
TT left 
 0° 45° 90° 135° 180° -90° 
0°            
45° -12.73          
90° -26.86 -14.13        
135° -32.02 -19.29 -5.16     SLOW 
180° -29.22 -16.49 -2.36 2.80    
-90° 52.40 65.13 79.26 84.43 81.62  
            
0°            
45° -10.25          
90° -22.83 -12.58        
135° -30.81 -20.56 -7.98     MED 
180° -35.53 -25.28 -12.70 -4.72    
-90° 50.88 61.13 73.71 81.69 86.41  
            
0°            
45° -8.33          
90° -33.03 -24.70        
135° -33.16 -24.84 -0.14     FAST 
180° -41.78 -33.45 -8.75 -8.62    
-90° 32.13 40.46 65.16 65.30 73.91  
 
148 
TT right 
 0° 45° 90° 135° 180° -90° 
0°            
45° -13.18          
90° -17.55 -4.37        
135° -25.94 -12.76 -8.39     SLOW 
180° -25.86 -12.68 -8.31 0.08    
-90° 71.77 84.94 89.32 97.71 97.63  
            
0°            
45° -12.12          
90° -20.53 -8.41        
135° -26.24 -14.12 -5.71     MED 
180° -30.04 -17.92 -9.51 -3.80    
-90° 61.21 73.33 81.74 87.45 91.25  
            
0°            
45° -14.06          
90° -24.43 -10.37        
135° -26.61 -12.55 -2.18     FAST 
180° -34.74 -20.68 -10.31 -8.13    
-90° 36.02 50.08 60.45 62.63 70.76  
 
 
TA left 
 0° 45° 90° 135° 180° -90° 
0°            
45° 2.74          
90° 0.42 -2.32        
135° -6.64 -9.38 -7.06     SLOW 
180° -9.26 -12.00 -9.68 -2.62    
-90° -7.84 -10.58 -8.26 -1.20 1.42  
            
0°            
45° 5.89          
90° -1.40 -7.28        
135° -5.86 -11.75 -4.47     MED 
180° -10.11 -15.99 -8.71 -4.24    
-90° -12.81 -18.70 -11.42 -6.95 -2.71  
            
0°            
45° 2.78          
90° -0.42 -3.20        
135° -12.55 -15.34 -12.14     FAST 
180° -10.36 -13.14 -9.94 2.20    
-90° -9.76 -12.54 -9.34 2.80 0.60  
 
149 
TA right 
 0° 45° 90° 135° 180° -90° 
0°            
45° 0.27          
90° -0.28 -0.55        
135° -6.49 -6.76 -6.21     SLOW 
180° -8.92 -9.19 -8.64 -2.43    
-90° 0.53 0.26 0.81 7.02 9.45  
            
0°            
45° 1.61          
90° -2.45 -4.06        
135° -7.59 -9.20 -5.14     MED 
180° -6.40 -8.00 -3.94 1.19    
-90° -1.81 -3.41 0.64 5.78 4.59  
            
0°            
45° -2.67          
90° -5.69 -3.01        
135° -12.53 -9.86 -6.84     FAST 
180° -16.37 -13.70 -10.69 -3.84    
-90° 7.05 9.73 12.74 19.58 23.43  
 
 
LD left 
 0° 45° 90° 135° 180° -90° 
0°            
45° 10.90          
90° -1.63 -12.53        
135° -12.29 -23.20 -10.66     SLOW 
180° -11.99 -22.89 -10.36 0.30    
-90° -52.33 -63.23 -50.70 -40.04 -40.34  
            
0°            
45° 12.07          
90° -2.89 -14.96        
135° -12.03 -24.10 -9.14     MED 
180° -17.14 -29.21 -14.25 -5.11    
-90° -56.79 -68.86 -53.90 -44.76 -39.65  
            
0°            
45° 6.04          
90° -3.50 -9.54        
135° -20.03 -26.08 -16.53     FAST 
180° -27.30 -33.35 -23.80 -7.27    
-90° -64.34 -70.38 -60.84 -44.31 -37.04  
 
150 
LD right 
 0° 45° 90° 135° 180° -90° 
0°            
45° 10.25          
90° -6.72 -16.97        
135° -17.73 -27.98 -11.01     SLOW 
180° -22.44 -32.69 -15.72 -4.71    
-90° -38.13 -48.38 -31.40 -20.40 -15.69  
            
0°            
45° 6.53          
90° -8.45 -14.99        
135° -22.27 -28.81 -13.82     MED 
180° -29.81 -36.35 -21.36 -7.54    
-90° -48.52 -55.05 -40.06 -26.25 -18.71  
            
0°            
45° 10.14          
90° -2.18 -12.31        
135° -17.78 -27.91 -15.60     FAST 
180° -26.32 -36.45 -24.14 -8.54    
-90° -47.65 -57.79 -45.48 -29.88 -21.34  
 
 
ES left 
 0° 45° 90° 135° 180° -90° 
0°            
45° 12.19          
90° -2.84 -15.03        
135° -5.55 -17.74 -2.71     SLOW 
180° -1.46 -13.65 1.38 4.09    
-90° -13.04 -25.24 -10.20 -7.49 -11.59  
            
0°            
45° 7.78          
90° -3.73 -11.51        
135° -8.11 -15.89 -4.38     MED 
180° 0.15 -7.63 3.87 8.25    
-90° -15.92 -23.69 -12.19 -7.81 -16.06  
            
0°            
45° 10.63          
90° 4.88 -5.75        
135° -7.02 -17.65 -11.90     FAST 
180° -1.26 -11.90 -6.15 5.76    
-90° 3.24 -7.39 -1.64 10.26 4.50  
 
151 
ES right 
 0° 45° 90° 135° 180° -90° 
0°            
45° 0.10          
90° 0.95 0.85        
135° -5.88 -5.98 -6.82     SLOW 
180° 0.46 0.36 -0.48 6.34    
-90° -19.05 -19.15 -20.00 -13.17 -19.51  
            
0°            
45° 1.98          
90° 1.68 -0.30        
135° -11.45 -13.43 -13.14     MED 
180° -3.91 -5.89 -5.59 7.54    
-90° -20.45 -22.43 -22.13 -8.99 -16.54  
            
0°            
45° 8.16          
90° 8.67 0.51        
135° -10.43 -18.60 -19.10     FAST 
180° -4.86 -13.03 -13.53 5.57    
-90° -13.35 -21.51 -22.02 -2.92 -8.49  
 
 
MF left 
 0° 45° 90° 135° 180° -90° 
0°            
45° 3.16          
90° 1.60 -1.56        
135° 3.43 0.27 1.83     SLOW 
180° 18.34 15.18 16.74 14.90    
-90° 25.71 22.55 24.11 22.27 7.37  
            
0°            
45° 1.58          
90° 3.46 1.88        
135° 3.71 2.13 0.25     MED 
180° 14.48 12.90 11.02 10.77    
-90° 29.51 27.93 26.05 25.80 15.03  
            
0°            
45° 2.65          
90° 6.81 4.16        
135° 3.80 1.14 -3.01     FAST 
180° 3.29 0.63 -3.52 -0.51    
-90° 18.52 15.87 11.71 14.72 15.23  
 
152 
MF right 
 0° 45° 90° 135° 180° -90° 
0°            
45° 2.66          
90° 1.55 -1.11        
135° 6.41 3.75 4.86     SLOW 
180° 14.92 12.26 13.37 8.51    
-90° 14.41 11.75 12.86 8.00 -0.51  
            
0°            
45° 2.14          
90° 7.96 5.82        
135° 6.92 4.78 -1.04     MED 
180° 19.43 17.29 11.47 12.51    
-90° 16.13 13.99 8.17 9.20 -3.30  
            
0°            
45° 3.84          
90° 17.68 13.84        
135° 5.79 1.95 -11.89     FAST 
180° 17.43 13.60 -0.25 11.65    
-90° 23.99 20.15 6.31 18.20 6.55  
 
 
RA left 
 0° 45° 90° 135° 180° -90° 
0°            
45° 3.72          
90° 8.15 4.43        
135° 8.46 4.74 0.31     SLOW 
180° 5.33 1.61 -2.82 -3.12    
-90° 19.18 15.46 11.03 10.73 13.85  
            
0°            
45° 1.79          
90° 5.37 3.58        
135° 5.49 3.70 0.11     MED 
180° 14.42 12.63 9.04 8.93    
-90° 20.36 18.57 14.98 14.87 5.94  
            
0°            
45° -22.75          
90° -13.71 9.04        
135° -23.27 -0.53 -9.57     FAST 
180° -19.07 3.68 -5.36 4.20    
-90° -16.42 6.33 -2.71 6.86 2.65  
 
153 
RA right 
 0° 45° 90° 135° 180° -90° 
0°            
45° -1.19          
90° -5.09 -3.89        
135° 3.34 4.53 8.43     SLOW 
180° 7.46 8.66 12.55 4.12    
-90° 12.36 13.55 17.45 9.02 4.90  
            
0°            
45° 2.48          
90° -5.59 -8.07        
135° 2.64 0.16 8.23     MED 
180° 13.08 10.60 18.67 10.44    
-90° 13.50 11.02 19.09 10.86 0.42  
            
0°            
45° -38.05          
90° -30.00 8.05        
135° -30.23 7.82 -0.23     FAST 
180° -22.90 15.15 7.10 7.33    
-90° -27.73 10.32 2.27 2.50 -4.83  
 
 
OE left 
 0° 45° 90° 135° 180° -90° 
0°            
45° 10.91          
90° -1.17 -12.08        
135° -0.54 -11.46 0.63     SLOW 
180° -0.69 -11.60 0.48 -0.14    
-90° 3.99 -6.92 5.16 4.53 4.68  
            
0°            
45° 8.04          
90° 2.55 -5.50        
135° -8.53 -16.57 -11.07     MED 
180° -6.23 -14.27 -8.77 2.30    
-90° -3.48 -11.52 -6.03 5.04 2.75  
            
0°            
45° -14.84          
90° -0.75 14.09        
135° -28.90 -14.06 -28.15     FAST 
180° -40.44 -25.61 -39.69 -11.55    
-90° 4.83 19.66 5.58 33.72 45.27  
 
154 
OE right 
 0° 45° 90° 135° 180° -90° 
0°            
45° 4.04          
90° -5.58 -9.62        
135° -5.89 -9.93 -0.31     SLOW 
180° -6.41 -10.45 -0.83 -0.52    
-90° 0.27 -3.77 5.85 6.16 6.68  
            
0°            
45° 5.62          
90° 0.74 -4.89        
135° -11.42 -17.04 -12.16     MED 
180° -3.84 -9.46 -4.58 7.58    
-90° 1.51 -4.11 0.77 12.93 5.35  
            
0°            
45° -5.95          
90° 6.67 12.62        
135° -13.93 -7.97 -20.59     FAST 
180° -21.70 -15.75 -28.37 -7.77    
-90° 14.04 19.99 7.37 27.97 35.74  
 
